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Executive Summary

The overall objective of this NERI project is to evaluate the potentia advantages and
disadvantages of an optimized thorium-uranium dioxide (ThO,/UQ,) fuel design for light water
reactors (LWRS). The project is led by the Idaho National Engineering and Environmental
Laboratory (INEEL), with the collaboration of three universities, the University of Florida,
Massachusetts Institute of Technology (MIT), and Purdue University; Argonne National
Laboratory; and al of the Pressurized Water Reactor (PWR) fuel vendors in the United States
(Framatome, Siemens, and Westinghouse). In addition, a number of researchers at the Korean
Atomic Energy Research Institute and Professor Kwangheon Park at Kyunghee University are
active collaborators with Korean Ministry of Science and Technology funding. The project has
been organized into five tasks:

Task 1 consists of fuel cycle neutranics and economics analysis to determine the economic
viability of various ThO,/UQ, fud designsin PWRs,

Task 2 will determine whether or not ThO,/UO, fuel can be manufactured economically,
Task 3 will evaluate the behavior of ThO,/UO, fuel during normal, off-normal, and accident
conditions and compare the results with the results of previous UO, fuel evaluations and U.S.
Nuclear Regulatory Commission (NRC) licensing standards,

Task 4 will determine the long-term stability of ThO,/UO, high-level waste, and

Task 5 consists of the Korean work on core design, fuel performance analysis, and xenon
diffusivity measurements.

The remainder of this Executive summary is organized by task.

Task 1. Reactor Core Analysis and Fuel Cycle Design

Due to the relatively poor economic performance of the homogeneously mixed urania-thoria
fud, the focus of the physics work under Task 1 during Year 2 and the first part of Year 3 was
primarily on the performance and economics of using micro-heterogeneous fuel forms, where
some small distance physically separates the uranium and thorium. When compared to the
equivalent homogeneous case (i.e., the same urania-thoria weight percentages), an increase in
burnup is observed, which improves the economics of using thorium-based fuels. However, the
economic improvement due to the use of any of the various micro-heterogeneous fuel forms is
not sufficient to compensate for the costs of the increased Seperative Work Units (SWUS)
required for thorium oxide fuels. Therefore, the work at Framatome, INEEL, and MIT during
most of Year 3 has focused on use of thorium to burn unwanted reactor or weapons grade
plutonium. The work at Framatome was completed in the third quarter of Year 3 and is fully
reported in our 11" Quarterly Progress Report (MacDonald et a. 2002) and in a final report
prepared by Famatome ANP (Sapyta et d. 2002). The INEEL portion of this executive summary
covers al their work during Year 3 whereas the MIT section (for Task 1) summarizes al their
work over al three years of this project.

INEEL. Inthisfue cycle, the LWR fuel assembly mainly consists of standard UO, fuel rods
with typical ***U enrichment, along with a small fraction of thoria-urania fuel rods containing the
plutonium and minor actinides produced in earlier cores. The goa of this mono-recycling
strategy or “twice through fud cycle’ isto transmute the great mgjority of the long lived actinides
in existing LWRs and to discharge a fud form that is a very robust waste form and whose



isotopic content is very proliferation resistant. The incorporation of plutonium into a ThO,
matrix results in the consumption of aready-separated plutonium without breeding significant
additional ***Pu. The minor actinides (MA, i.e. neptunium, americium, curium, berkelium,
caifornium, etc.) are aso included in the ThO, to further reduce the overal longterm
radiotoxicity of the fuel cycle. Our anayses have shown that thorium-based fuels can reduce the
amount of Pu-239 needing further transmutation or going to a repository by about 90%. Also,
thorium- based fuels produce a mixture of plutonium isotopes high in **Pu. Because of the high
decay heat and spontaneous neutron generation of **®*Pu, the isotope provides intrinsic
proliferation resistance.

In these analyses, we have modeled a case consisting of nine fuel pins, eight (89%) of which
are standard UO, pins and one (11%) of which isa[Th-U-Pu-MA]O, transmuter pin in which the
plutonium and minor actinides (neptunium, americium and curium) from UO, fuel reprocessed 30
years after discharge has been concentrated. MOCUP was used with 60-day time-steps and the
generation and depletion of 50 fission products and 38 actinides. In the 9" Quarterly Report for
this NERI project, we showed that this fuel array could be approximately plutonium-neutral at
standard power levels and refueling cycles. In other words the [ThUPUMA]O, pins would
consume about as much plutonium as was produced by the UO, pins.

In the 11" Quarterly Report we extended that analysis in two ways. First we included a
greater number of thorium-based pins in the array and secondly, we looked specifically at the
consumption of reactor grade plutonium, without the incluson of the minor actinides. This
analysis is preliminary in that we lelieve that the fuel can be taken to higher burnups in the
present configuration. Furthermore, we have not optimized the hydrogen to heavy metal ratio for
the particular combinations of thorium, uranium, and plutonium used in the fuel. Parametric
studies of the hydrogen to heavy metal ratio were presented in the 10" Quarterly.

In the 12" quarter of the NERI project, we performed additional analyses of the one-
transmuter-pin-in-nine fuel assembly design to optimize the neutronic design of the converter pin
and carefully track the generation and consumption of the plutonium. We were able to again
demonstrate that thorium-based fuels can reduce the amount of Pu-239 needing further
transmutation or going to a repository by about 90%.

MIT. The work mrformed a MIT within Task 1 consisted of neutronic and thermal-
hydraulic evaluations of micro-heterogeneous concepts of thoria-urania fuels and investigation of
the potential of thoria-plutonia fuels for plutonium destruction in PWR lattices.

Micro-heterogeneous UO,-ThO, concepts. The goal was to determine the potential of
micro-heterogeneous fudl arrangements to achieve burnups higher than homogeneous thorium-
uranium oxide mixtures and current UO, fuels. MIT focused on axial micro heterogeneity where
pellets of UO, are sandwiched between ThO, or ThO,-UO, pdllets in a typical PWR fud pin
geometry and on checkerboard arrangements of UO, and ThO, pins. Typica reactivity limited
batch burnup results are presented in the table below. In each case shown below, the thoria-
urania fuel contained 35%UQ, (enriched in U235 to about 19.9%) and 65%ThO,, the same
amount of fissile materia isinitially invested and burnup stopped at a k-infinity of 1.03.

As shown in the table below, the homogeneous thoria-urania fuel is only able to reach about
90% of the burnup of the reference UO, core. Duplex fuel pellets with the ThO, on the outside
provide about an 11% improvement in burnup over the homogeneous thoria-urania fuel option,
but about the same burnup as the UO, fue currently used in LWRs. This will not compensate for
the higher enrichment costs of the thoria-urania fuel. However, denaturing of the thoria with



uranium to dilute the U-233 results in worse than al-uranium fuel burnup performance. This
denaturing is necessary to achieve an acceptable power distribution to meet the thermal hydraulic
congtraints and to ensure that the end-of-life uranium composition will be below the non-
proliferation limit.

Batch burnup available from various fuel typesfor the 35% UQO, and 65% ThO, fuel.

Fud Type Batch Per cent Per cent
Burnup | increaseover increaseover
Homogeneous | All-UO, Base
ThO,/UO, Fuel Case
Duplex, ThO; inside 48.49 1 -10
Duplex, ThO, outside 53.57 11 -
Axial micro-heterogeneous, 2 cm of ThG, and 57.10 19 7
1 cmof UO,
Axial micro-heterogeneous, 8.2 cm of ThO, 60.48 25 13
and 4 cm of UO,
Axial micro-heterogeneous, duplex —9.1 cm of 55.94 16 5
ThO, with UO2 core and 4.0 cm of annular,
graphitefilled UO,"
Axia micro-heterogeneous, 8.2 cm of ThO, 61.78 28 15
and 5.0 cm of annular, voided UO,
Radial micro-heterogeneous - ThO, and UO, 57.32 19 7
pinsin alx1 array (un-denatured)
Radia micro-heterogeneous - ThO, and UO, 51.20 6 -5
pinsin alx1 array (denatured)
Homogeneous ThO,/UO, fuel 48.16 - -10
All-UO, Reference Base Case 53.55 11 -

Thorium section contains uranium central pellet region to denature bred-in U233

The axia micro-heterogeneous fuel, with pure ThO, segments (no denaturing of the thoria),
increases the fuel discharge burnup by a significant amount over the UO, base case, about 13% to
15% for the cases andyzed. Note that there appears to be an improvement in reactivity and
burnup when the length of the axial micro-heterogeneity is longer than a traditional pellet or
when annular, graphite filled driver fud is used, rather than solid UO, pellets. The analyses show
that the optimum burnup performance for the axial micro-heterogeneous fuel is for the case of
about 4cm-long UO, driver spaced apart with 9cm-long ThO, sections.

These gains are achieved due to a combination of spectral and mutual shielding effects. The
spectral shift was identified as a key underlying phenomenon for the observed benefits and is also
responsible for a“burnable poison-like effect”. A locd, highly thermalized spectrum in the ThO,
section results in a high capture rate in the Th-232 at beginning-of-life, depressing reactivity.
Thus, excess neutrons at beginning-of-life are used to breed U233, which is available later
during the cycle to fission thus increasing reactivity. Moreover, the harder spectrum at end-of -
life reduces the conversion ratio (primarily due to less captures in the Th-232) thus increasing the
reactivity. Separation of the thorium and uranium further improves the reactivity due to the
reduction of the mutual resonance shielding of the overlapping resonances of the U-233 and U-
238. However, the reduction in total resonance absorption in the U-233 shielded by the U-238
was found to be only about 2%. Therefore, the major benefits due to the spatial separation of the
thorium and uranium come from the spectral effects; the effect of mutua shielding of resonances
on reactivity and burnup performance is small.



The major challenge for the axia micro-
heterogeneous arrangements is to meet the
therma hydraulic margins because of a large

Normalized power density distribution at
the UO2/ThO2 interface in axially micro-

loca power peaking in the UO, driver heterogeneous LWR fuel.
section.  The power peaking problem is
illustrated in the figure to the right, which isa 500
plot of the normalized power aong the fuel o bz B, Tho? >
rod axis in the region of a UO,-ThO, |3 *% /
interface at beginning-of-cycle. Note that the o 30 e ——No Uin ThOZ2 region
power peaking for the un-denatured case is 8 200 ] e Enriched U n Tho2
about a factor of 4.5 at the beginning of the £ 100 region _
fuel cycle; but it can be brought down to 2.4 S | N
when enriched UO; is added to thoria z oot AR |
-1.00

However, it has been found that Distance from midplane

homogeneoudy mixing uranium in the

thorium section to reduce this power peaking in the axia heterogeneous fuel rods impairs the
burnup performance; hence a duplex pellet configuration in place of the thoria section (UO, core
surrounded by thoria annulus) was proposed and analyzed. Although this strategy results in
significant reduction in the power peaking (as indicated in the figure by the curve “enriched U in
ThO; region), the new design still exhibited significant local peaking (about a factor d 2.4).
However, the DNBR performance is predicted to be satisfactory. The movement of the coolant
from the low power regions to the high power regions of the rods, then back to the low power
regions, tends to average the coolant conditions in the driver and blanket sections of the rods.
This CHF performance had been observed experimentally for similar oscillatory heat flux profiles
within the LBWR program. Use of annular fuel in the driver region significantly reduces the
peak fuel temperatures, which remain below the melting point of the UO,. Full 3D heat
conduction calculations showed appreciable heat fluxes in the axia direction due to large
temperature gradients, resulting in a further reduction of the peak fuel temperatures in the driver
section by several hundred °C. On the other hand, the large temperature gradients raise other
concerns, such as hydriding of cladding, excessive gas release, and pellet/cladding mechanical
interactions in the driver section.

The burnup potentid of radia micro-heterogeneous (checkerboard) arrangements was aso
explored with a focus on the effects of denaturing and the size of the thorium region. Fuel
compositions with total core U-235 content of 6.825 and 7.75w/o were studied. To achieve
reasonable power sharing at beginning-of-life (local peaking £ 1.5) 20w/o uranium with an
enrichment of at least 15w/o of U-235 (total of 3% of heavy meta in the thorium pins) is needed
for practica designs. The discharged burnup modestly increases with the size of heterogeneous
regions. All considered heterogeneous geometries with un-denatured fuel could achieve higher
burnup than the all-uranium or homogeneously mixed thoriumuranium fuels (less than 9%
improvement versus the dl-uranium case and up to 20% improvement versus the homogeneous
case). The effect of thorium fuel denaturing was found to be significant, degrading the burnup
performance to values comparable to all-uranium fuel.

Proliferation-resistance was evaluated in terms of plutonium production rate, uranium
discharge rate, spontaneous neutron source, decay heet, critical mass, and enrichment barrier. In
terms of plutonium generation, micro-heterogeneous fuel is more proliferation-resistant than the
homogenous fuel, while the homogenous fuel is more proliferation-resistant than the all-uranium
fuel. Although the uranium discharged in the thorium zone of the axial micro-heterogeneous un-
denatured design is a proliferation concern with high U-233 weight percent and small critica
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mass, the multiple of critical massis smaller than the all-uranium case. On a pellet-average basis,
the axial micro-heterogeneous duplex fuel (modified design for lower peaking) is the most
proliferation-resistant case. Whether the duplex arrangement can be credited as an effective
means to denature U-233 must be resolved. Self-protection from the U-232 was not eva uated.

The economics of the axial micro-heterogeneous fuels were assessed in terms of heavy metal
resource utilization and SWU utilization, which account for most of the cost of afuel cycle. The
thorium/uranium homogenous fuel can never outperform the al-uranium fuel neutronicaly, but
micro-heterogeneous thorium/uranium fuel has the potentia to outperform the all-uranium fuel
when the mixing ratio is a or above 50%UQO,-50%ThO,. However for the 35%UQO,-65%ThO,
ratio the axial micro-heterogeneous fuel still has poorer SWU utilization (heavy metal resource
utilization is equivaent to the al-uranium case). Based on the assumption of equal fabrication
costs per kg of heavy metal and under “fissile content equivalency”, the 4cm/9cm axial micro-
heterogeneous case (having a 35%U0O,-65ThO, ratio) was found to be 5% more expensive than
the all-U case. However, the thermal-hydraulically-feasible case in the duplex arrangement
achieves smaller burnup and is 9% more expensive than the al-U case, even when discounting
the significantly higher fuel fabrication cost.

Thorium-based fuels for plutonium burning. Thoriumbased fuels are very good
candidates for plutonium burning in light water reactors because they do not generate
transuranics. Therefore, in the final stage of the project, a study of Trans-Uranic nuclides (TRU)
destruction capabilities in homogeneously mixed thorium-based fuels in LWRs has been
performed for various hydrogen-to-heavy-metal (H/HM) ratios. The study considered a one-pass
irradiation only, without recycling of residual contents. The analysis was performed in three
stages. First, PuO,-ThO, fuel mixtures were evaluated. Then, the PUO,-ThO, fuel mixtures with
small additions of natura uranium (needed for denaturing of generated U-233) were considered.
Finaly, the capabilities of the thorium-based fuel to burn plutonium as well as minor actinides
were assessed.

As a first step, benchmarks of the anaysis tools CASMO4 and MCODE were performed
using the international benchmark within the framework of IAEA’s Coordinative Research
Program (CRP) to establish confidence in the analysis of plutonia-thoria lattices. Both the
MCODE and CASMO4 results were found to be in good agreement with the results of the other
participants for al parameters and these benchmark calculations confirmed that CASMO4 and
MCODE are suitable for scoping studies of thorium — plutonium fuel designs.

In the analysis of the PUO,-ThO, mixtures, the plutonium destruction rate was found to be
relatively insensitive to the H/HM ratio within the practical range of PWR lattice optimization.
For the un-denatured PuO,-ThO, cases, over 1000 kg of plutonium can potentially be destroyed
per GWeyr. The residua plutonium fraction (relative to initialy loaded plutonium) in
discharged fuel can be minimized by increasing the H/HM ratio and can potentially be as low as
25%. However, the total amount of plutonium loaded at the minimum residua point may be
smaller, which requires more core loadings.

Denaturing of the mixed plutonium-thorium fuel impairs the plutonium destruction
effectiveness. An addition of 15% natural uranium will decrease the plutonium destruction rate
by 20% to about 800 kg of plutonium per GWe-yr. This penaty can also be minimized by
increasing the H/HM ratio, where less U-233 is generated and therefore less natural uranium is
required for denaturing. The residua plutonium fraction in the denatured cases is amost doubled
in comparison with un-denatured cases at the reference H/HM ratio; however, changing to a
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wetter fuel lattice can reduce this penalty to only about 5% difference in residua plutonium
fraction between denatured and un-denatured cases.

The addition of minor actinides to the fuel mixture degrades the burning efficiency in a PWR
spectrum. The theoretically achievable limit for total TRU destruction per path is 50%, while the
transmutation rates can till be as high as 1000 kg of TRU per GWe year. Efficient minor
actinide and plutonium destruction in the thorium-based fuel in a thermal spectrum generaly
requires a higher degree of neutron moderation and, therefore, a higher fuel lattice H/HM ratio
than typically used in the current generation of PWRs. It should also be noted that actinide
destruction efficiency in thorium-based fuels can potentialy be higher in fast neutron spectra
reactors.

The results of the reactivity coefficient evaluations indicate that mixed plutonium-thorium
fuel can be used for plutonium disposition in conventiona PWRs with some changes in reactor
reactivity control systems. The Doppler coefficient (DC), moderator temperature coefficient
(MTC), and boron worth (BW) have values comparable to those of MOX fuels. However, the
delayed neutron fraction () of plutonium-thorium fuel is smaller than that of al-uranium fuel
by approximately afactor of two and smaller than the MOX fuel values at end-of-life by a factor
of up to 1.7. Such smal values impose a mgor challenge for reactivity control. Detailed
analyses of the effects of the magnitude of the individual reactivity coefficients and kinetic
parameters on the range of limiting accidents/transients and on reactor control will have to be
performed in the future as it was beyond the scope of current exploratory studies. In addition,
various options to increase 3¢ will have to be studied.

For Th-Pu-MA fuel, the results indicated the potential feasibility of designing such a fuel
with negative Doppler and moderator temperature coefficients. However, the 34 values for Th-
Pu-MA fuel are smaler than those typicaly encountered for UO, and even for MOX fud by
more than a factor of 2, raising a significant concern about reactor controllability if based
completely on such fuels. Approaches to overcome this challenge were not explored in the
present study.

In summary, thorium-based fuels exhibit a good potential to perform the task of burning
plutonium and minor actinides in current generation of light water reactors. These fuels can be
effectively used for the reduction of existing TRU stockpile and can be of use in a sustainable
PWR fuel cycle with essentially complete recycling and transmutation of TRUs. Introduction of
TRU containing fuels to a PWR core inevitably leads to lower control materials worths and
smaller delayed neutron yields in comparison with conventional UO, cores. Therefore, a major
challenge associated with the introduction of thorium-based TRU fuels to PWRs will be the
design of the whole core and reactor control features to ensure safe reactor operation.

Task 2. Fuel Manufacturing Costs

This task was organized into three major activities:

1. An engineering study of the feasibility of producing the thorium/uranium fuel in current
nuclear fuel production facilities.

2. Ané€ffort to estimate the cost of fabricating ThO,/UQO, oxide fudl.

3. A developmental effort to make fuel pellets with appropriate densities and to use this
materia to determine fundamental heat transfer properties to usein the modeling efforts.
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The Westinghouse Electric Co. has completed the first two tasks and the results were reported
in the 7" and 8" Quarterly Progress Reports of this NERI project.

Purdue University has been evaluating the fabrication issues associated with co-precipitation
of the powder and with pressing, sintering and grinding ThO,-UO, fuel pellets. High quality and
geometrically uniform pellets of (UzTh7)O, or “30/70” have been fabricated at Purdue in the
composition desired and at a target density of at least 95%TD using commercially-accessible
conditions and the co-precipitation route. The co-precipitated powders were optimized and
completely characterized. However, the as-produced fine powders formed very stable
agolomerates making sintering to high density difficult, even after extensive bal milling.
Therefore, a new technique called Wet-Dry Processing, or WDP, needed to be devel oped to break
up the agglomerates. This process is based on the knowledge gained from the wet processing
studies from Purdue’ s associated NERI Program to produce microspheres of U,ThO, [Solomon et
al. 2002]. This new technique resulted in an increase in the sintered density of the co-precipitated
powders from ~85 %TD to over 97%TD under the same pelletizing and sintering conditions. The
pellet microstructures have been characterized by optical and SEM microscopy, and the existence
of complete solid solutions established by X-ray diffraction measurements.

Because of the high sinterability of the WDP powder, the question of re-sintering stability
was raised. Therefore, re-sintering tests were conducted in the course of thermal etching at
1700°C for lhr. At first the pellets swelled considerably and irregularly during the re-sintering
tests. It was hypothesized that carbon from the high organic addition was dowly reacting with
the hydrogen in the flowing atmosphere even after pore closure, thus causing swelling during the
re-sintering experiments. Conseguently, the hold time of the binder burnout step was increased
from 2h to 8h and the temperature was increased to 1000°C. This eiminated the swelling
problem during re-sintering. A WDP pellet with an initia thickness of 2.67mm was sintered and
the thickness after sintering was found to be 2.32mm. The same pellet after a re-sintering run
was found to have a thickness of 2.32mm. Hence the WDP pellets are stable under re-sintering.

Task 3. Fuel Performance

This task will provide tools to evaluate the thermal, mechanical, and chemical aspects of the
behavior of ThO,-UO, fud rods during normal, off-normal, and design basis accident conditions.
The behavior of the ThO,-UO, fuel will be compared with the current USNRC licensing
standards and with the behavior of UO, fuel rods under corresponding conditions.

MIT. The objective of the MIT work has been to develop appropriate models for the
behavior of thorium oxide based fuels for LWRSs, including afission gas release model for ThO,-
UQO, fuel, and to incorporate the models into the FRAPCON-3 fuel performance code. The code
has been modified for analyses of mixed thoria-urania fuels with newly developed models for the
appropriate thermal conductivity, therma expansion, radial power distributions, and fission gas
yield fraction. Fission gas release predictions from the modified FRAPCON code were compared
to measured fission gas release data for mixed thoria—urania fuels from the Light Water Breeder
Reactor (LWBR) program. Sufficiently detailed information is available in the open literature for
only a few test rods, which therefore became the basis for validating our modeling efforts.
Because the mechanisms of fission gas release in ThO,-UQ, fuedl are expected to be essentially
similar to those of UO, fuel, the genera formulations of the existing fission gas release modelsin
FRAPCON-3 were retained. However, the gas diffusion coefficient was adjusted to a lower level
to account for the smaller release fraction in thoria fuel. In addition, a model for athermal gas
release at high burnup was introduced. The modified version of FRAPCON-3 represents the



available fission gas rel ease data reasonably well. It also predicts significantly lower fission gas
release from thoria -based fuel under PWR conditions compared with uraniafuel at the same high
burnup.

A model for high burnup ThO,-UO, fuel behavior during a Reactivity Initiated Accident
(RIA) has been developed. Under RIA conditions, a significant amount of energy will be
deposited in the fuel in a very short time. The failure threshold of energy deposition is reduced
for fuel rods operated to very high burnup. There are severa factors contributing to the reduction
of this threshold: 1) heavily oxidized and hydrided, thus degraded, cladding; 2) reduced fuel
thermal conductivity; 3) pellet-cladding gap closure due to fuel swelling; and 4) large porosity in
the fudl rim region. The behavior of high burnup fuel under RIA conditions has been modeled
based on observations from UO, tests, and extrapolated to ThO,—UO, fuels through the use of the
FRAP-T6 computer code. Modifications to FRAP-T6 included: thoria fuel properties (heat
capacity, thermal expansion, therma conductivity); the low temperature cladding burst stress
model; and gaseous swelling contribution to the cladding strain.

The datafrom RIA tests with high burnup UO, fuel has been reviewed. The FRAP-T6 code
seems to reasonably predict the residua cladding strainsin the tests. However, most of the RIA
simulation tests were performed under different power ramp and coolant temperature conditions
than expected during an accident in a LWR and this negates the validity of a direct extrapolation
of the results. But, experiments have been performed at both hot and cold conditions and with
different power pulse widths. The test reactor pulse widths that are too narrow produce enhanced
stresses in the cladding at a time when the cladding is cooler than it would be in power reactors.
Therefore, real PWR fuel was found to have a higher safety margin due to higher cladding
temperatures and wider power pulses than most of the reported tests (except the IGR tests in
Russia which had a very long pulse). ThO,-UO, fuel is predicted to have better performance than
UO, fuel under RIA conditions due to its lower thermal expansion and flatter power distributions
in the fuel pellets (less power and less fission gasin the rim region).

Based on the developed model, the performance of thoria fuel using current PWR fuel
designs was assessed and the results showed that there would be extensive fission gas release and
cladding corrosion when the fuel is operated to very high burnup. Recommendations for fuel rod
design and operation strategy were proposed and assessed for satisfactory performance of very
high burnup homogeneous and micro-heterogeneous ThO,-UO, fuel. With the adoption of
advanced cladding materias, such as M5 or DX Zri1Nb, corrosion and hydriding may not pose
problems for these fuel designs. However, alarger fuel grain size and a decreasing power history
might be needed to mitigate the fisson gas release, and an increased free gas volume (i.e. larger
plenum volume) should be provided to accommodate the increased fission gas release for high
burnup fuel.

INEEL. MIT has shown that the most promising micro-hetrogeneous thoria-urania
arrangement with respect to achievable burnup is the axial micro-heterogeneous design with UO,
and thorium section lengths of about 4 and 8 cm, respectively. In addition, this design offers the
benefit of substantia reduction of poison to compensate for the reactivity excess at beginning-of -
life. Although this design manifests appreciable neutronic advantages, the absence of fissile
materia in the ThO, section at beginning-of-life results in large local power peaking. The most
effective way to reduce the local peaking is to add uranium with fissile U-235 into the ThO,
section. However, because homogeneous mixing of uranium in the thorium dug significantly
impairs the reactivity-limited burnup performance, a modified axia and radid micro-
heterogeneous fuel pin design (DuUAXx4) was developed by introducing a 25 vol% central void in



the UO, driver zone and moving the extra UO, into the blanket zone as an inner ring with ThO,
as an outer ring.

During the first part of Year 3 calculations were performed at the INEEL to compare the
temperature behavior of DuUAXx4 fuel rods and conventional 100% UO, fuel rods during alarge
bresk LOCA. The calculations were performed with the SCDAP/RELAP MOD3.3 code
extended for the analysis of ThO,-UO, fuel rods and extended for the modeling of axia heat
conduction as discussed in the 9" and 10" Quarterlies for this project. The affect of the fuel rod
axia heat conduction on the calculated temperature behavior of the DUUAXx4 fuel rods was aso
assessed.  The maximum cladding temperature of the DuUAXx4 fuel during a LOCA is not
significantly greater than that in conventional 100% UO, fudl.

During the 4" Quarter of Year 3 the steady state and transient temperature performance of
fuel rods with 96wt%ThO,-4wt%PuO, fud was analyzed and compared with the behavior of
100% UO, fud. The in-service fud temperatures of the 96%ThO,-4%PuO, fue rods are
significantly less than those of 100% UO, fuel rods, and the cladding temperatures during a
LOCA are significantly less in the 96%ThO,-4%PuO, fud rods than in the 100% UO, fuel rods.
These favorable comparisons are primarily due to the therma conductivity of the 96%ThO,-
4%PuO, fuel being greater than that of 100% UO, fuel. Since the model used for the thermal
conductivity of the 96%ThO,-4%UO, fuel was based on only one set of measurements, these
results are preliminary in nature.

Task 4. Long Term Stability of ThO,-UO, Waste

The leaching of radionuclides from spent UO, fuel is a magjor concern when addressing the
long-term storage of these materials. Mixed oxide (U, Th)O, fuels are being considered as an
aternative due to the large quantity of thorium materia available, non-proliferation benefits of
the material, and the potential for significantly improved long term spent fuel gorage capability.
The research in this task was focused on measuring uranium dissolution from (U, Th)O, solid
solutions as a function of the uranium content to determine the degree to which the mixed oxide
is superior to UO, as awaste form.

The dissolution of irradiated (U, Th)O, pellets with compositions in the range 2-5.2% UQO,
was studied at Argonne National Laboratory East (ANL-E). The irradiated pellets were taken
from the Shippingport Light Water Breeder Reactor. Pellet dissolution was carried out in J13
well water inside sealed vessels at 90°C. Uranium dissolution rates for these materials are
between 2x10° and 2.510° mg m* d*, which is at least 2 orders of magnitude lower than vaues
found in the literature for pure UQ, irradiated fuel. A significant initial release of fission
products, including *'Cs, **Tc, and *°Sr, has been observed, which is attributed to the
accumulation of these species in macro-pores with the fuel pellets.

The studies on unirradiated (U, Th)O, pellets were performed at the University of Florida.
Pellets with compositions of 5%, 23.6%, 36,8%, 50%, and 100% UO, were fabricated by
blending, compacting, and sintering UO, and ThO, powders. Dissolution was monitored by
measuring the uranium concentration in J13 leachate solutions over a period of 120 days. The
dissolution of whole pellets was performed at 90°C, and the dissolution of crushed and sieved
pellet fragments was performed at room temperature.

The dissolution rates for al of the unirradiated materials decrease rapidly in the first severa
days of leaching. The uranium dissolution rates of crushed UO, pellets (2 to 0.01 mg m” d*) are
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very similar to values reported previoudly in the literature for unirradiated UO, under similar
conditions. However, the results indicate that the normalized uranium dissolution rates of
crushed (U,Th)O, pellets are less than that of pure UO, by as much as one and a half orders of
magnitude. All of the (U, Th)O, compositions exhibit very similar fractional uranium release
rates. The dissolution rate for unirradiated 5% UO, crushed pelletsis between approximately 10°
and 10* mgm* d* at 10 to 120 days.

The dissolution rate of an unirradiated UO, pdllet is roughly 0.1 to 0.01 mgm? d* over a
period of 7 to 93 days. The dissolution rates of (U, Th)O, pellets (36.8% and 50% UQ,) are lower
than that of UO, by up to approximately one order of magnitude. The extremely low
concentrations of soluble uranium species in the leachate solutions of the unirradiated (U, Th)O,
pellets, compared to the background value, which makes reliable calculation of the dissolution
rates for these materias difficult, particularly in the case of 5% UO, pellets.

These overall results from dissolution studies demonstrate an advantage for the (U,Th)O, fue
versus UO, with respect to dissolution in groundwater, with the uranium dissolution rates for the
solid solution thoria-urania fuel lower than those of UO, by one to two orders of magnitude.

The oxidation behavior of unirradiated (U, Th)O, has been studied using thermal gravimetric
measurements to monitor the weight gain of samples oxidized in air under both isothermal and
non-isothermal conditions. The mean uranium valence of al (U, Th)O, samples after complete
isothermal oxidation & different temperatures remained lower than that of pure UO,, indicating
lower O/U ratios for these materias. X-ray diffraction analysis of oxidized (U, Th)O, samples
showed that all compositions retained the cubic fluorite crystal structure, in contrast to pure UO,,
which underwent a phase transformation first to tetragonal, then to an orthorhombic crystal
structure as the oxidation proceeds.

Various kinetic models have been applied to the isothermal gravimetric data in order to find
the best fit and calculate activation energies for oxidation. The results for 23.6% and 36.8% UO,
samples suggest that the oxidation follows a three dimensional diffusion model. Data for 50%
and 100% UO, samples, however, did not produce a satisfactory fit to any of the reaction models
applied. A model-free method was also applied to the data to calculate activation energies. The
results indicated that the activation energy is relatively independent of the (U, Th)O,
composition, with values determined from both isotherma and non-isothermal data falling
between approximately 80-100 kJ/mol. These values are dightly lower than that found for pure
UO, (108 kImal).

Task 5. Korean Work

The Koreans have been working on four tasks: core design analyses, fuel pellet manufacturing
technologies, fuel rod performance analysis, and xenon diffusivity measurements. In the area of
core design anayses, the Koreans continued their analysis of the mixed core concepts of
(Th,U)O, and UO, fues discussed in the previous quarterlies. The HELIOS/MASTER code
system was modified for the neutronic analyses of thorium-fuelled reactor cores. The k-infinite
and isotopic number densities of 25% UQO, + 75% ThO, fud pins were calculated with the
HELIOS/MASTER code and compared with the results of CASMO4 and MOCUP calculations
(both the MIT and INEEL versions). The HELIOS results were found to in good agreement with
the MOCUP and CASMO4 results. Then, three kinds of thorium-uranium fueled PWR cores
were investigated homogeneous ThO»-UQ, fuel, duplex (Th,U)O, fud, and a mixed core of
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duplex (Th,U)O, and UO, fuel assemblies. Also, a series of reference UO, only cores were
analyzed.

The reference plant core had 157 fuel assemblies with fifty-two fresh fuel assemblies newly
loaded for each cycle according to a three-batch reloading strategy. The power distributions in
the various cores were controlled by using various numbers of gadoliniarods. The cycle lengths
of the homogeneous thorium-uranium fuel cores were shorter than that of the reference uranium
cores (at any given initial U-235 enrichment level). However, the differences between the cycle
lengths of the thorium-uranium cores and the reference uranium core become smaller as the cycle
length becomes longer. The cycle lengths of the aternative thorium cores with duplex fuel and/or
mixed ThO,-UO, fuel and UO, only fuel assemblies are longer than the cycle lengths of the
homogenous ThO,-UO, cores and similar to the cycle lengths of the reference al-uranium cores
a very long cycle lengths (i.e. a high enrichment and burnup). The Doppler temperature
coefficients of the cores with thorium-based fuel are more negative than that of the reference UG,
cores, however, there were no significant systematic differences in the other physics parameters
between the various thorium-based fueled cores and the reference UO, cores.

In order to assess the economic ~ Uranium ore purchase and SWU costs of
potential of the homogeneous homogeneous thorium-uranium cores, uranium

thorium-uranium  fuel and the cores and alternative thorium cores versus cycle

alternative thorium fuel cycles, the  |ength (110USH/K g-SWU).
natural uranium utilization and the

. . 23 —*—U02 : Reference
separative  work  unit  (SWU) e (TheU)O2-Homo(19.5)
utilization were considered. The Duplex(Th+U)02
results of the fuel economics " | ¥ T (eU)0zHomo(10.0)

ent as a funC'[iOI’l Of CyCIe 38 Duplex(Th+U)02+U02-Mixed
assessm \

length are shown in the figure to the
—

right. Thefuel costs of the thorium-
based fud cycles are decreased as
the cycle lengths become longer,
while that of uranium fuel cycle
increases with cycle burnup. At a 2 /
cycle length of about 500 EFPDs

the mixed core of duplex (Th,U)O, » . . . .
and UO, fuel assemblies becomes 0 40 50 600 700 800
cost competitive with the all-
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&3

Cycle Length (EFPD)

To further improve their fuel pellet manufacturing technologies, three kinds of pellets -ThO,,
ThO,-35%UQG,, ThO,-65%UOQO, - were fabricated by conventional powder processing using as-
received and then milled powder. At first, the as-received thorium oxide powder was milled in a
mortar for 40 min. Then the ThO, powder was mixed with the UO, powder in a tumbling mixer
for 1 hour in order to form the various ThO,-UO, powder mixtures. The thoria-urania powder
was then further milled 6 times using an attrition mill, which was designed to alow the powder
charge to be removed from the mill and then loaded again. In addition to the above dry milling,
the powder mixtures were ball-milled for 24h in ajar containing zirconia balls and alcohol. The
prepared powders were pressed at various pressures into compacts (green pellets) and then heated
up to 1700°C at 5°C/min and then held for 4 hours in a H, atmosphere to fabricate the pellets.
Milling of the ThO,-UO, powders and sintering at 1700°C produced (Th,U)O, pellets with
densities ranging from 93% to 98% TD. Compared to the dry milling method, wet milling of the
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ThO,-UO, powders increases the density of the pellets and enhances the homogeneity of the
uranium and thorium distribution. Thiswork is now successfully completed.

The thermal diffusivity of the various pellets was measured and the thermal conductivity
caculated. ThO, has a higher thermal conductivity than UO,, but (Th,U)O, - 65 or 35wt% ThO,
- issmilar in therma conductivity to UO..

In the area of fuel rod performance, a ThO,-UO, irradiation test, called IFA-652.1, was started
in June 2000 in the Haden Reactor. The IFA-652.1test rods are instrumented with
thermocouples and pressure transducers. The fud centerline temperature and rod internal
pressure data from two rods n IFA-652.1 at beginning-of-life and a a burnup of about 5
MWD/kgHM was compared with predictions from the INFRA-Th computer code. The
agreement of the INFRA-Th predictions with the measured fuel centerline temperatures and rod
internal pressures from Rods 4 and 5 in the Halden IFA-652.1 ThO,-UO, experiment indicates
that the models for the ThO,-UO, fud in the INFRA-Th code such as the therma conductivity,
thermal expansion, and radial power and burnup distributions are appropriate.

Also, the performance of homogeneous ThO,-UO, fud rods during irradiation in both a 900
MWe PWR and the 330 MWth SMART reactor were analyzed. Four different power histories
were considered for the 900 MWe PWR case. The INFRA-Th fuel rod performance calculations
indicate that the integrity of the ThO,-UO, fud rods could be maintained up to a burnup 100
MWD/kgHM.

To measure the xenon diffusivity in thoria-urania fuel, 2mm cubic specimens of
polycrystalline (Th,U)O, and UO, were made. The cubes were irradiated in the HANARO
reactor for 30 minutes. After cooling for 10 days, annealing tests were performed with various
ambient gas oxygen potentials. The xenon diffusion coefficients from the polycrystalline
(Th,U)O, are coincident with or lower than those from polycrystalline UO,. The diffusion
coefficient for the polycrystalline (Th,U)O, under a higher oxygen potential (—160kJmol) turned
out to be higher than under a lower oxygen potential (—370 kJmol). Based on the comparison
between the diffusion coefficients from single crystal (work previously report in these quarterlies)
and polycrystalline UO,, the diffusion coefficients in asingle crystal of (Th,U)O, are expected to
be much lower than that in polycrystalline (Th,U)O..
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Introduction

The overal objective of this NERI project was to evauate the efficacy of high burnup mixed
thorium-uranium dioxide (ThO,-UQ,) fuds for light water reactors (LWRs). A mixed thoria-
uraniafuel that can be operated to arelatively high burnup level in current and future LWRS may
have the potentid to:

Improve fuel cycle economics (allow higher sustainable plant capacity factors);
Improve fuel performance;

Increase proliferation resistance; and

Be amore stable and insoluble waste product than UO..

The project was led by The Idaho National Engineering and Environmental Laboratory (INEEL),
with the collaboration of three universities, the University of Florida, Massachusetts Institute of
Technology (MIT), and Purdue University; Argonne National Laboratory; and all of the
pressurized water reactor (PWR) fuel vendors in the United States. The project was organized
into four tasks:

= Task 1 consisted of fuel cycle neutronics and economics analysis to determine the
economic viability of a ThO,-UO, fud cyclein PWRs,

= Task 2 was focused on determining whether or not ThO,-UO, fud can be
manufactured economically,

» Task 3 evduated the behavior of ThO,-UO, fud during norma, off-normal, and
accident conditions and compare the results with the results of previous UO, fudl
evauations and U.S. Nuclear Regulatory Commission (NRC) licensing standards,
and,

= Task 4 determined the long-term stability of ThO,-UO, waste.

A demonstration irradiation of ThO,-UO, fuel will also probably be needed before ThO,-UG,
fuel can be loaded into commercia reactors.



Task 1. Fuel-Cycle Analysis

This task evauated the economic viability of a ThO,-UO, fuel cycle in commercid reactors
operating in the United States. Three organizations collaborated on this work: a nuclear fuel
vendor (Framatome ANP), a university (MIT), and a DOE National Laboratory (INEEL).
Framatome ANP has performed two- and three-dimensional fuellattice calculations and
caculated power distributions for both assemblies and individual rods, in both uranium and
plutonium enriched PWR 17" 17 cores. Framatome ANP has also contributed to the other
vendors and the DOE the results of 17 critical experiments containing thorium and uranium, and
that data has been used to benchmark the
thorium cross-sections (see Figure 1).
The final Framatome ANP results were
presented in the 11" Quarterly Progress
Report for this project and in a fina
report prepared by Framatome ANP and
are not repeated here.  MIT further
optimized various core designs by
investigating such things as fuel rod
geometry, metalwater ratio, and ThO,-
UO, ratios usng the CASMO-4 and
SIMULATE-4 lattice codes. Both MIT
and the INEEL have been performing
benchmark quality calculations at the rod,
cell, and assembly levels using the Monte
Carlo code MOCUP, which combines
MCNP and ORIGEN.

e,

T Due to the relatively poor economic
1. ThO,-UO,Critical Experiment performance of the homogeneously
mixed urania-thoria fuel, the focus of the
work under Task 1 during Year 2 of this NERI project was primarily on the performance and
economics of using micro-heterogeneous fuel forms, where some small distance physicaly
separates the uranium and thorium. When compared to the equivalent homogeneous case (i.e.,
the same urania-thoria weight percentages), an increase in burnup is observed, which improves
the economics of using thorium-based fuel. However, the physical separation of the uranium and
thorium has its own set of challenges depending on the type of separation, and higher enrichment
may still be required to achieve the desired burnup. Therefore, the work during Year 3 has
focused on use of thorium to burn unwanted U-233 or plutonium.

Figure

Task 1 Progressin Neutronicsat the INEEL - Thorium-Based
Transmuter Fuels For Useln Light Water Reactors

J. Stephen Herring

When used in a transmutation mode, thorium-based fuels may have an advantage over
conventional UO,-PuO, mixed oxide (MOX) fuds because the thorium-based fuels reduce the
total amount of plutonium produced and produce a mixture of plutonium isotopes high in #**Pu.
Because of the high decay heat and spontaneous neutron generation of 2**Pu, the isotope provides



intrinsic proliferation resistance. Thoriais aso afuel and waste form that is difficult to dissolve,
thus making the diversion of spent fuel for weapons' production purposes more difficult.

The objective of this analysis is to demonstrate the value of using ThO,-UO, fuels to burn
unwanted plutonium. Some of the proliferation concern in the world today stems from plutonium
that has already been separated from spent fuel. Currently separated plutonium is being
incorporated in UO,-PuO, mixed oxide (MOX) fuel. However, because MOX fuel contains~90
wt % U, substantial amounts of ***Pu are produced in the MOX fue and the net plutonium
burnup rates are only 30-50% per cycle. The incorporation of plutonium into a ThO, matrix will
dlow the consumption of already-separated plutonium without breeding additional **°Pu. The
minor actinides (MA, i.e. neptunium, americium, curium, berkelium, caifornium, etc.) would be
included in the ThO, to further reduce the overal long-term radiotoxicity of the fuel cycle. These
analyses have shown that thorium-based fuels can reduce the amount of Pu-239 needing further
transmutation or going to a repository by about 90%.

1.1. Introduction

Thoria fuels appear promising as a matrix for plutonium and the minor actinides during
mono-recycling in light water reactors. The goals of this recycling strategy are to reduce overal
inventories of plutonium, to render the resulting spent fuel as proliferation-resistant as possible
through the accumulation of ***Pu, **%Pu, ***Pu and ***U, to consume the minor actinides, and to
produce a very robust waste form. A schematic of the mono-recycling strategy is shown in
Figure 2 for the case of one thoria-urania pin for every nine fuel rods. In thisfuel cycle the LWR
fuel assembly
conssts of 89%

gandard UO, fud _lhorium
rods with a *°U

enrichment of 4.95 1 Th-U-Pu-MA pin
wt  %. The
plutonium and minor
actinides  produced
in earlier standard
rods are separated
and placed in the
thoria-urania  pins
occupying 11% of
the positions in the
fuel assembly. Thus
the goa of the
mono-recycling
Strategy or “twice Figure 2. Mono-recycling strategy for light water reactors.
through fuel cycle’

is to transmute the

great majority of the long lived actinides in existing LWRs and to discharge a fuel form that isa
very robust waste form and whose isotopic content is very proliferation resistant. We have aso
evauated some cases where five of the nine positions are occupied by thoria-urania fuel rods.

Pu + MA + ~1% of Recovered U

8LEU pins Fission Product:

Recovered
Uranium

1 Th-U-Pu-MA pin



We have used the moddl shown in Figure 3 in this analysis, consisting of nine fuel pins, either
with one [Th-U-Pu-MA]GO, transmuter pin and eight standard UO, pins or with five transmuter
pins and four UO, pins. The plutonium and minor actinides are derived from UO, fuel irradiated
to 45 MW-d/kg and reprocessed 30 years after discharge.

White Reflecting Boundaries (all sides)

4.95% 4.95% 4.95% [ThUPU] 4.95% [ThUPu]
uo, uo, uo, o, uo, o, Fuel Parameters
Fuel pin radius = 0.4096 cm

Pellet height = 1.5 cm

Pin pitch =1.27 cm

Specific power =37.9 W/g ihm
Mass of ihm =6.73 g

Pin Power = 62.3 kW

Average Pellet Power = 256 W
Average Linear Power = 171 W/cm

[ThUPU]O, 2.95%
20 eq. vol. U
zones

4.95%

4.95% N 4.95%
uo 20 eq. vol.
z zones uo,

uo, 0,
[ThuPy] L [ThUPu]
o, UO2 o,

4.95% 4.95% 4.95%
uo, uo, uo,

Model with one transmuter pin  Model with 5 transmuter pins
Figure 3. One and five thoria-urania pinsin nine model and fud parameters

In the various cases analyzed, the thoria-urania fuel contained 0-10 wt% recovered uranium
and 6 - 15 wt% Pu+MA. The recovered uranium (98.5 wt% “**U) was included to denature the
*3U below the 12 wt % limit for low enrichment
uranium (LEU) [Forsberg et al. 1999]. For these Table?2. Isotopic content of
analyses, the burnup code MOCUP [Mooreet a. 1995],  plutonium and minor actinides.

WhI.Ch uses the Monte Carlo transport che MCI\!P 45 MWd/kg ihm UO2 fuel, 30
[Briesmeister 1997] and the exponentiad matrix ears after discharge
generation and depletion code ORIGEN2 [Croff 1980], y 9
was used. MOCUP was used with 60-day time-steps Eraction of Elemental
and tracked the generation and depletion of 50 fission Pu+MA Fraction
products and 38 actinides. The model has white Np-236 0.00% 0.00%
reflecting boundaries to simulate an infinite array. The Np-237 6.03% 100.00%
eight outer pins are modeled as eight individua fuel Np-238 0.00% 0.00%
zones and the center pin is divided into twenty equak Pu-237 0.00% 0.00%
volume zones. The isotopic constituents of the fresh  [2U2% o o
UO, fuel and of the recovered uranium and plutonium PU-240 21.71% 26.59%
plus minor actinides are shown in Tables 1 and 2. Pu-241 3.29% 4.03%
Pu-242 5.90% 7.23%
Table 1. Uranium isotopic content. Pu-243 0.00% 0.00%
Am-241 10.79% 89.06%
Fresh Fuel Recovered U Am-242m 0.01% 0.07%
U-234 0.00% 0.027% Am-243 1.32% 10.87%
Cm-242 0.00% 0.01%
U-235 4.95% 0.908% Cm-243 0.00% 17506
U-236 0.00% 0.578% Cm-244 0.15% 84.74%
U-237 0.00% 0 Cm-245 0.02% 11.89%
Cm-246 0.00% 1.59%
U-238 95.05% 98.487% Cm-247 0.00% 0.02%
The uranium is included in the center pin only as a diluent for Cm-248 0.00% 0.00%

the 233U to approach the LEU limit, 12% 233U/total U.)



1.2. Results for Transmutation With a One of Nine Pin Geometry

We analyzed nine cases using the nine-pellet model shown in Figure 3 above. The
congtituents of the transmuter pins were varied to determine the most effective combination for
extended burnup, proliferation resistance, and consumption of the minor actinides. In some cases
the center pellet was irradiated for the entire lifetime of the surrounding UO, pellets, then
removed from the first assembly and placed in a second, fresh UO, assembly. The isotopic
concentrations in the center pellet were tracked both spatially and temporally through the entire
irradiation. In addition, isotopic ratios that are important to proliferation resistance have been
tracked both spatially and temporally for each of the ten cases.

The chief parameters for the nine cases are shown in Table 3. The results of the “5 of 9 pin”
cases, the fifth and sixth on this list, were reported in the 11" Quarterly report. This report will
concentrate on the “1 of 9 pin” third and fourth cases, with reference to the second case,

S 0 0
containing 10% U and 15% Table3. Casesanalyzed.
PUMA;E which was reported in Advanced Fuels 9-pin Cases
the 10" Quarterly. Transmuter Pin Weight Fractions
# of
In dl of the cases Transmuter
discussed in this quarterly, the Name pins Th u PuMA__ Pu only
L ThUPUMA 0010 9p 1 90% 0% 10%
transmuter pin is assumed to ThUPUMA 1015 9p 1 75% 10% 15%
reman in for the same ThUPUMA 0812 9p 1 80% 8% 12%
irradiation period as  the ThUPUMA 0609 9p 1 85% 6% 9%
ding UO, ins f ThUPU 10-10 5 of 9p 5 80% 10% 10%
surrounding 2 PINS, for an ThUPu 10-6 5 of 9p 5 84% 10% 6%
average burnup of 615 ZrYPUMA 08 9p 1 % 0% 8%
MWth-d/kg. The k effective ZrYPUMA 22 9p 1 0% 0% 22%
. o , UO2 baseli 0 100%
during the irradiation s eseme -
shown in Figure 4.
1.35
130
1.25 \\
1.20 ~
B 115 A
3
2 1.10
O 105
1.00 R
0.95 \\‘“
ey
0.90
e
0.85
0 10 20 30 40 50 60 70 80
Burnup (MW-d/kg ihm) ThUPUMA 009 Sp

Figure4. k-effectivefor 6% U, 9% PuMA transmuter pinin UO, array.



The variation of the Pu-239 concentration in the center pin is shown in Figure 5. Note that
the **Pu, initially uniform across the diameter, is burned out on the periphery first because of the
well-moderated flux near the coolant. After a burnup of 34.1 MW-d/kg (red curve), the center
concentration is about 35% of the initial concentration and the periphera concentration is about
10% of the beginning-of-life concentration. At the finad burnup of 61.5 MW-d/kg, the
distribution of Pu-239 isfairly uniform across the pellet cross-section.

——7BOL
0.5 ———6.8 MW-d/kg
""" 13.7 MW-d/kg
—'7720.5 MW-d/kg
0.4 T T T 27.3 MW-d/kg
___________ ——=34.1 MW-d/kg
] ~ - ~41.0 MW-d/kg
03 et ~=~47.8 MW-d/kg
b ———54.6 MW-d/kg
_____________ o T N Treen]| LTT61.5 MW-dlkal
(07 e——— .- L T -
e L. N ‘\\'-
_________________________ Dl I -
T e s — e T N
0.0 '
0.0 0.1 0.2 0.3 0.4
RadIUS (Cm) ThUPuUMA 0609 9p

Figure 5. **°Pu concentration in 6% U 9% PuMA transmuter pin.

The average plutonium concentrations in the transmuter pin are shown in Figure 6. Note that
the ***Pu concentration decreases quite rapidly, while the Pu-238 and Pu-240 concentrations
increase during the irradiation.

05 |

N L L L Pu-238
0.4 — Pu-239
0.3 —— Pu-240

—— Pu-241
0.2 - — | |=—ruo242
01 k_’?—_\ \k\
0.0 T
0 10 20 30 40 50 60

Burnup (MW-d/kq)
Figure 6. Average plutonium isotopic concentrationsin the6 % U, 9% PuMA transmuter

pin.
1.3. Proliferation Resistance

The high spontaneous neutron generation and high decay heat of ***Pu make any plutonium
separated from the center pin mixture very difficult to use of weapons purposes. The ***Pu
content of the transmuter pin is significantly increased during the irradiation because of the high



loading of #*’Np, which produces ***Pu via the **’Np(n,g)***Np® ***Pu reaction. Note in Figure 7
that the initial “*°*Pu/total plutonium ratio is about 65 %. However, because the thorium-based
transmuter pin has only 6 wt %

29, Jittle additiond Pu-239 is 7% T

bred during the irradiation and the 60% ~— Pu-238/PU

ratio of *°Pu/total plutonium 50% \\ ~ pu.239/PU

decreases to about 15% after an 40%

average burnup of 61.5 MW-d/kg. 30% ™~

On the other hand, because of the 0% \\x/’/a
presence of significant amounts of | T
“’Np, the content of the **Pu 10% 7

increases during the irradiation and 0%

the ratio of ***Pu/total plutonium is 0 10 20 30 40 50 60
nearly 25% after 61.5 MW-d/kg.

In fact the ***Pu concentration in Burnup (MW-d/kg) ThUPUMA 0609 9p

the transmuter pin actually exceeds  Figure 7. Plutonium isotopic ratiosimportant to
the **Pu concentration after about  proliferation resistance.
45 MW-d/kg.

Another measure of the proliferation resistant of spent fuel is the ratio of uranium isotopes.
In order to be classed “Low Enriched Uranium” the **Ujtotal U concentration ratio must be
below 20 wt % and the ***U/total U ratio must be below 12 wt %. When both **U and *°U are
present one uses the “sum of fractionsrule.” Thus a mixture containing 6 wt % ***U and 10 wt %
35U would be at the LEU limit. Recovered uranium, with the isotopic concentration shown in
Table 1, has been added to the transmuter pin for the sole purpose of diluting the ***U bred in the
pin to a concentration below the LEU limit.

Another measure of the proliferation resistance of the uranium mixture is the content of ***U.
321 comes to secular equilibrium with its daughter product *®*TI with a 3year time constant.
208T] emits a 2.6 MeV gamma that makes handling difficult. A five-kg mass of “**U containing
1% U will produce a dose of 125 rem/hr at a distance 0.5 m 1 yr after separation of the uranium
from the spent fuel.

2.0 0.9%
In Figure 8, the uranium g 18 ——— 1 08%
concentration  ratios  are = 16 ~ T 0.7%
shown a function of burnup. gz 14 = 1 0.6%
Note that the LEU sum-of- w5 12 > 1 05%
fractions the transmuter pin 3o L0 1 ouoe
containing 6 wt % U and 9 >~ 08 _ 47
wt % PUMA is sbout 1.8, & 06 — LEUfraction T 03%
meaning that the fissle S 04 |~ U-2321U-233 + 0.2%
uranium could not be classed 02 / + 0.1%
a low enriched uranium.
. 0.0 0.0%
:;irve;roerg’ o a?j(:slgg 0O 10 20 30 40 50 60
uranium will have to be Burnup (MW-d/kg)

added to the transmuter pin  Figure 8. Uranium isotopic ratiosimportant to proliferation
to satisfy the LEU limit. On  registance.
the other hand, the *?U

U-232/U-233



content of the transmuter pin is about 0.8 % at the end of the irradiation, meaning that the
uranium would be self-protecting.

1.4. Overall Transmutation Effectiveness

In order to determine the effectiveness of the various transmutation schemes, we have
calculated the amounts of the various actinides produced in the various “1 in 9 pin” caseslisted in
Table 3 and compared those amounts with the actinide production in the standard UO, once-
through fuel cycle. The UO, Baseline case consists of a once-through irradiation of the UO, fuel
to 61.5 MW-d/kg, followed by disposal of al the pinsin arepository.

The comparison has been carried out for two scenarios. In the first scenario, we assume that
the plutonium and minor actinides from previous cycles are placed in the transmuter pin and that
al the pins in the assembly, both the surrounding UO, pins and the transmuter pins, are sent to a
repository at the end of one 61-MW-d/kg irradiation. A comparison of the net actinide
production in the first scenario for the various “1 in 9 pin” cases listed in Table 3 is shown in
Figure 9. The case labeled ZrYPUMA 08 is aninert matrix transmuter pin consisting of a yttria-
stabilized zirconia matrix containing 8 wt % of the PUMA mixture shown in Table 2. All the
other cases, except the UO, Baseline case, have thorium fertile material with varying amounts of
UO, (first two numbers in the label) and plutonium and minor actinide loadings (last two
numbersin the label).

0.14
0.12 UQO2 Baseline
0.10 EThUPUMA 0609
0.08 @ ThUPUMA 0812
OThUPuUMA 1015
© 0.06
< ®E ThUPuUMA 0010
§ 0.04 O ZrYPuMA 08
> 0.02
0.00 A
-0.02
-0.04 7"Np-237—Pu-238"Pu-239 — Pu-240" Pu-241"Pu-242"Am-241"Am-242—Am-243Cm-244"Np-237 +
0.06 prec.

Actinide
Figure 9. Net actinide production by the eight LEU pinsand the transmuter pin

Note that the net production of ***Pu for all the pinsis reduced by at least a factor of 2 from
the UO, baseline. The case with 10% UO, and 15%PuMA has the least *’PU and the most **Pu
a end-of-life. The net production of the higher plutonium isotopes is reduced by lesser factors,
because of the higher initia loading of those isotopes in the transmuter pins. The net production
of **Am is actualy negative for the transmuter cases because the actinide mixture in the
transmuter pinsis assumed to have decayed for 30 years before separation from the origina UO,
fuel. During that time, most of the fissile **'Pu (t,, = 14.5 years) has decayed into non-fissile
2IAm. In the transmuter pins the ***Am is first converted to the fissile ***Am and then fissioned.
More important, the long-term source term in arepository has been reduced through the lower net
production of »8"Np and its precursors, **Puand **Am. Findly, note that the net production of

%Py has been significantly increased in al the thorium and metal fuel cases compared to the UG,
Baseline through the continued irradiation of the **’Np in the transmuter pins.



The net production of selected actinides is compared with the UO, Baseline on a percentage
basisin Figure 10. Note that the net production of ***Pu in the overall assembly has increased by
150 to 250 % while the net production of the other plutonium isotopes has decreased by 50 to 75
%. The net **Pu production is higher than the once-through UO, Baseline because of the hi gher
inventory of 2*°Pu in the transmuter pins compared with the baseline. The net production of 2
and its precursors is reduced by about 50 % from the UO, Baseline. Again, the thorium fuel case
with 10%UO, and 15%PuMA appears to result in the best isotopics.
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Figure 10. Changein net actinide production compared with the once-through UO,
Basdline.

The second scenario assumes that only the transmuter pins are sent to further transmutation or
to a repository. The plutonium and minor actinides and about 1 % of the uranium in the
surrounding UO, pins are chemically separated after a 30-year decay time and fabricated into
transmuter pins. Because the thorium-based or inert matrix transmuter pins would be more
difficult to process chemically, those pins are assumed to be sent directly to a geologicaly
repository (or maybe subjected to more advanced separation and transmutation technologies).
The masses of each of the actinides sent to further transmutation or to a repository are shownin a
logarithmic plot in Figure 11.
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Figure 11. Actinides sent to further transmutation or repository.



Note that the ***Pu leaving the LWR system has been reduced by as much as an order of
magnitude, but that ***Pu has been generally increased. Though small, the ***Am going to further
transmutation or to a repository is aso generaly higher than in the UO, Basdline case. On the
other hand, the rest of the plutonium isotopes have been reduced. The percentage change in the
amounts of actinides going to further transmutation or a geological repository are shown in Figure
12. Aswas the case with the net production comparisons, the amounts of >**Pu leaving the LWR
system are increased by 50 % to 250 %. The **Pu is reduced by 75% to 95% and the rest of the
plutonium isotopes by lesser amounts. The **’Np and its precursors is reduced by as much as 75
%.

300%

— = ThUPUMA 0609
ThUPUMA 0812
200% OThUPuMA 1015
150% ThUPUMA 0010
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Figure 12. Changein actinides going to further transmutation of a geological repository.

1.5. Fission Heating Profile

Finaly, we have tracked the fission heating in the transmuter pellet from beginning-of-life to
an assembly-averaged burnup of 61 Mw-d/kg. The results are shown in Figure 13. In standard
UO, pellets the fission heating is fairly uniform at beginning-of-life and becomes peaked at the

rim as ***Pu is produced -

a the periphery through Pa
resonance absorptions by 600

238, The opposite /
occurs in the transmuter 500 L,

pellets, which contain a 400 P ==

much lower amount of == —

238, The *Pu is 300 —“—?Eémmglé?k B
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strong fission resonance 0 '
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fisson and the heat Figure 13. Fission Heating Profilein Transmuter Pellet.
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profile flattens with high burnup.

The average volumetric fission energy deposition in the UO, pins and in the transmuter pins
is shown in Figure 14. Since the

UO, and transmuter pins are the 550

same d!ameter, Figure 14 shows a 500

comparison of the heat flux for the -

UO, and transmuter pins. Note that 450 —

the transmuter pins have a heat flux 400

that is about 50 % higher than the 350

UO, pins a beginning-of-lifeand @ | . ... R P I S R
about 20% higher at the end-of-life. 300

This peaking factor is greater than 250

that alowed in LWR assemblies 200 Transmuter pin average (W/cm3)
and indicates that either the actinide - - = quter nin average (W/em3)

loading of the transmuter pins 150

should be reduced from 9 % to 100

about 6 % or that the transmuter 50
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or an annular configuration to 0
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Figure 14. Fisson Heating in UO, and Transmuter Pins
1.6. Conclusions

Thorium-based spent fuel is significantly more proliferation resistant than UO, fud. In
particular, the intrinsic proliferation resistance of plutonium mixtures with high ***Pu loadings is
enhanced through high decay heat and spontaneous neutron production.

Also, the use of thorium-uranium fuels, and perhaps fuels with non-fertile matrices, shows
promise as LWR transmuter fuels that would significantly reduce the amount of plutonium,
neptunium and its precursors going to a permanent repository or to long-term interim storage.
Furthermore, these transmuter fuels used in a mono-recycling or “twice through fue cycle’
significantly decrease the volume of spent fuel going to a repository while greatly increasing the
proliferation resistance and waste form durability of the resulting fuel. Work is continuing in the
anaysis of non-fertile and thorium-based LWR transmuter fuels.
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Task 1 Progressat MIT
E. Shwageraus, X. Zhao, M. J. Driscoll, P. Hgzlar, and M. S. Kazimi

1.1. Neutronics of Micro-Heterogeneous ThO,-UO, PWR Cores

The objective of this task has been to evauate the neutronics performance of various micro-
heterogeneous arrangements, where the ThO, and UO, fud is separated on a micro-scale (up to
severa cm). The work has addressed three types of fuels: (1) axial micro-heterogeneous ThO,-
UO, fud, where the ThO, fuel pellets and UO, fuel pellets are stacked in separate layers in the
fuel rods, (2) duplex fuel where the thorium resides in an annulus around a UO, core, and (3)
separate pins of UO, and ThO, fuels.

1.1.1. Computational Method

The computer program MOCUP [Moore et a. 1995] has been used as a primary tool for this
study. MOCUP is the MCNP-ORIGEN2 Coupled Utility Program that employs the MCNP (here
version 4B) generalized-geometry Monte Carlo transport code to provide the neutronics solution
and the ORIGEN2 code to compute the time-dependent compositions of the individually selected
MCNP cdlls. All data communication between the two codes is accomplished through the MCNP
and ORIGEN?2 input/output files. This alows a general materia (target, fuel, control, etc.) to be
depleted in a neutral particle field, with the accuracy of atransport neutronics solution. Since the
MCNP verson 4B library does not contain temperature-dependent neutron cross sections for
most actinides, a number of libraries from the UTXS compilation were imported. Also for some
fisson products, the evaluated data files produced at Los Alamos Nationa Laboratory were
imported via INEEL. The benchmarking of this code with others can be found in Zhao et a.
[2000]. As in the benchmarks, al the calculations were for fuel pin-cells, whole-assembly and
whole-core calculations are left for the future. Sufficient neutron histories were accumulated to
achieve a one-sigma uncertainty in k of £0.002. It should be noted that most state-of-the-art
codes may not be accurate enough for micro-heterogeneous fuel because of its complicated
resonance shielding configurations.

Checkerboard (radid micro-heterogeneous) cases were analyzed using the CASMO-4
computer code [Edenius et al. 1995]. Benchmarking of the criticality predictions was carried out
in order to verify the capability of CASMO-4 to predict reactivity and reaction rates in thorium-
based lattices. The Monte-Carlo MCNP-4B computer code was used for that purpose. The
benchmark was performed using initial fuel composition in a 1x1 radial micro-heterogeneous
geometry. The values of K; predicted by both computer codes were found to be in afairly good
agreement [MacDonald et a. 2001, Zhao et a. 2001]. Therefore, it was assumed that the
CASMO-4 computer code can treat radial micro-heterogeneous thorium based lattices with
sufficient accuracy for the purpose of this study.

1.1.2. Summary Of Achievements As Of September 2001

This section summarizes the key results and findings achieved during the first two fiscal
years of this NERI project. Further details are found in the FY -02 annual report [MacDonald et
a. 2001]. The basc configurations of micro-scale heterogeneous ThO,-UO, fuel designs, in the
form of interspersed uranium and thorium regions, are shown in Figure 15: checkerboard, duplex,
and axial heterogeneous. The uranium dioxide is 19.5 w/o enriched in U-235, and the ThO, is
pure thorium dioxide. There are many possible variations from these basic configurations such as
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multi-pin checkerboard, and other combined designs of the base cases, but in this report, our
discussion will be focused on checkerboard and axial cases. The operating parameters of current
PWRs were adopted, except that the fuel compositions were based on 35%UQO,+65%ThO, fud
(the weight percent hereis on a heavy meta basis) distributed appropriately among the respective
fuel zones.

U0z U0z

| |
: } ThO2
1 |
| |
| |
1 |
| |
| |
1 |
| |
| |
| |
| [

ThO2

Checkerboard Duplex Axially heter ogeneous
Figure 15. Representative basic configurations of micro-heter ogeneous ThO,/UO; fuel.
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Configurations and burnup performance for various micro-heterogeneous fuel designs based
on the same initia fissile content are given in Table 4 on the next page. Other parameters of the
conventiona PWR fuel assembly are typical of a standard Westinghouse 17x17 assembly and can
be found in [Zhao et al. 2000 and 2001]. In terms of the reactivity-limited batch loaded burnup,
B1 [Driscoll et a. 1990] , (where K=1.03 to alow for core leakage), a dight improvement can be
seen in going from homogeneoudy mixed ThO,-UO, (Hom) fud to duplex oxide fuel with the
ThO, on the inside (ThU fuel). However, there is about a 12% improvement from Hom fuel to
duplex oxide fuel with the UO, on the inside (UTh) fuel and about an 18% improvement from
Hom fuel to axial micro-heterogeneous (Ax) fuel. However, as Table 4 shows, an improvement
in the reactivity-limited burnup over the al-U case is redlized only for the Ax case (by 6.6%)
among these three aternatives.

135

Figure 16 compares the 130

reactivity burnup curves for the

Hom, Ax and Ax4 cases. The last 125 — Ax MOCUP
—*~Hom MOCUP

configuration consists of 120

115

R — Ax4 MQCUP
successive 4 cm segments of UO, \\
>

between 8.164 cm segments of

K-inf

ThO, and has about a 25% 110§ ~=
improvement in burnup over the [~ \.\\\

1.05 <

Hom case and a 13% improvement =

Ktinf =1.03

over the al-uranium case. In 1.00
addition, it has a suppressed 005

reactivity or “burnable poison

0.90

effect” at the beginning of burnup.
These effects are achieved by
merely rearranging the ThO, and

0 10 20 30 40 50 60 70
MWd/kg ihm

UO, materiadl on a microscale Figure16. Comparison of Ky asa function of burnup for the

inside the fuel pins. AX, Hom, and Ax4 cases.
In order to determine the effect on the neutronics of homogeneous denaturing of the ThO, to

keep the fraction of U-233 below 12%, 12 w/o of the thorium was replaced by natura uranium
(0.711 w/o) in the ThO, zone of the Ax case, which corresponds to the AXNU case in Table 4. It
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can be observed that denaturing the thorium in the Ax design reduces the achievable burnup to
below the al-uranium case, spoiling the benefit. The optimization of the loca H/HM ratio for the
axial micro-heterogeneous designs was not investigated, however the achievable burnup was
found to improve by adding centra voids inside the fuel pellets and graphite spacers between
them, which correspond to the Ax4V and AxC cases in Table 4. The checkerboard pin pattern
(Case ChK) fuel exhibits a 7% improvement over to the al-uranium case, but denaturing of the
thorium eliminates this benefit.

Table4. The configurations and burnup performance for various micro-heter ogeneous
designs (based on 35% UO,-65% ThO,)

.. B1** |DB1lover
mbol F r (mm h **(mm m ion
Symbo uel (mm) (mm)| Compositio MWd/kg|all-U (%)
Tho, 3.3813 100w/o Th
%‘]‘p'e?" y Thu 4849 | -95%
O inside uo, 4.1274 - 19.5 w/o U235
ThO, 2.3668 - 100w/o Th
Dﬁp'ex' . UTh 53.57 0
ThO; outside uo, 4.1274 - 19.5 w/o U235
e ThO, 4.1274 20.41 100w/o Th
ﬁx'a’ micro AX 57.10 6.6%
eterogeneous uo, 4.1274 10.0 19.5 w/o U235
12w/o U/HM
ThO,-UO, 4.1274 20.49
Denatured Ax AXNU (0.711w/0 U235) || 5108 -4.8%
uo, 4.1274 10.0 19.5 w/o U235
; ThO, 4.1274 20.41 100w/o Th
Arx "ﬂftl%ar;‘e”r‘ AXC 60.73 13%
grapnitesp uo, 4.1274 10.0 19.5 w/o U235
Axial micro- ThO, 4.1274 81.64 100w/o Th
heterogeneous, Ax4 60.48 13%
ialler stack uo, 4.1274 40.0 19.5 w/o U235
ThO, 4.1274 81.64 100w/o Th
IAx4 with 20vol/o
entral void Ax4V uo, 4.1274 50.0 19.5 w/o U235 61.78 15%
Void 1.8458 50.0 Helium
Ax4 with duplex ThO,/UO, | 4.1274/1.137 91.0 100W"}’(/)°UT2r£9'5
ThO,-UO, and | DUUAx4 55.94 4.5%
OrU0; ¢ UDAX uo, 21274 200 19.5 w/o U235 °
UO,/graphite .
Center 2.0635 40.0 Graphite
Checkerboard ThO, 4.7820 - 100w/0 Th
(1x1) un- ChK 57.32 7.0%
denatured uo, 3.3472 - 19.5 w/o U235
15 w/o U/HM
gielc)kgreggtaruf o | CnkD Tho, 4.7820 B (10.0w/oU235) | 5120 | -46%
uo, 3.3472 - 16.826 w/o U235
Homogeneous Th
U fuel Hom | ThO,/UO, 4.1274 - 65 w/o Th 48.16 -10%
é!;i?z Ref. All-U uo, 4.1274 - 6.825 w/o U235 53.55 0

* -- means materid is axially uniform.
** h = pellet layer stack height; B, = reactivity-limited batch burnup; All-U Ref Case has same U-235/HM

ratio
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In search of an optimal design, the k-infinity at beginning-of-cycle and B1 as functions of
UO, segment height for an axia un-denatured case, an axia denatured (with natural uranium)
case, and a checkerboard-axia un-denatured case were calculated and the results are shown in
Figure 17. It can
be seen that B1,

- - a— Axial, Undenatured, k-inf

the reactivity- —x— A;\(E[ADeGatéjred’ k—igfk .
.. ¢« C X, Undenatured, k-in
limited batch 1.60 - —e— Axial, Undenatured, B1 70
burnup, of the ur+ OVT7] —%—Axial, Denatured, B1 F
denatured axial . —e— ChKAX, Undenatured, B1 r

1.50 —== 60
and checkerboard- 1 B1ofAILU ‘/7L"’\ Pl
aid  (ChKAX) Gy 40 X\# " 0 E
designs can Q" I BTotHom ] A—F % <
dightly exceed 60 = 1301 N A\L‘ a0 <
MWdkg iHM a & 73 TR e[V Y F 3
UOZ %ma]t E 1 20: < """ pee N ‘\ . - o "” . 30 %
heights of 4cm and x ] RN S F
8cm  respectively, 1.10 +—35%U0,+65%ThO; \‘\. ,‘ - 20 @
but the B1 of the 1 |u0O:(19.5 w/o U-235) N K, :
denatured axial 1001_Brx Zhao, 12/22/00 \ A F 10

. Y ) L

case is about 10% ] gl -
less than that of 0.903 ————rrr —— etk ()
the  un-denatured 0.1 1.0 10.0 100.0
axial case. The Height of UO; Pellet (cm)

checkerboard-axid - _ . . . )
design  behaves Figure17. Ky (B=0) and B1 asfunctions of UO, segment height in axial

differently in that micro-heter ogeneous Th/U fudl.

when its B1 peaks,

its k-infinity at beginning-of-life is still high, which means that the “ burnable poison effect” seen
in the axia case disgppears. Figure 17 shows that the most promising arrangement with respect
to reactivity-limited achievable burnup is the axia micro-heterogeneous design with UO, and
thorium section lengths of 4 and 8cm. In addition, this design offers the benefit of substantial
reduction of poison to compensate for the reactivity excess at beginning-of-life.

The higher reactivity-limited burnup is due to a combination of spectral and mutual shielding
effects. The spectra shift was identified as a key underlying phenomenon for the observed
benefits and is also responsible for the “burnable poison effect”. The loca highly thermalized
spectrum in the ThO, section results in a high capture rate in the Th-232 at beginning-of - life,
depressing reactivity. Thus, excess neutrons at beginning-of-life are used to breed U-233, which
is available later during the cycle for fissions to increase reactivity. Moreover, the harder
spectrum at end-of-life reduces the conversion ratio thus increasing reactivity. Separation of
thorium and uranium further improves reactivity-limited burnup due to the reduction of mutual
resonance shielding of overlapping resonances of the two nuclides. However, the magnitude of
this effect appears to be small. The reduction in total resonance absorption in U-233 shielded by
U-238 was found to be only about 2%, whereas the corresponding value for U-235 is about 1%.
Therefore, the major benefits of spatial separation of thorium and uranium come from spectral
effects; the effect of mutua shielding of resonances on reactivity and burnup performance is
marginal.

Although axial micro-heterogeneous designs of the Ax4 type manifest appreciable neutronic
advantages, the absence of fissile material in the ThO, section at beginning-of-life results in a

15



large local power peaking (4.5). The most effective way to reduce loca peaking is to add
uranium with fissile U-235 into the ThO, section. However, because homogeneous mixing of
uranium in the thorium slug significantly impairs the reactivity-limited burnup performance, a
modified axial and radial micro-heterogeneous fuel pin design (DuUAXx4), shown in Figure 18,
was designed by introducing a 25 vol% central void in the UO, driver zone and moving the extra
UQO; into the blanket zone as an inner ring with ThO, as an outer ring. Figure 19 shows the power
peaking for two different U-235 enrichments in the UO, core of the blanket section.

;,Y;,--—; /‘| H.C | | UO2 (19.5 wio) | \

40071
Driver Zone

: | Clad (zr-4) | | Graphite(25vol %) |—\

¥
| | 100% The: | \

ety i 1 et | e UO:2 (19.5 w/0)

~H|

91.6
Thorium Zone

Reflective boundary ~ Weight Percent of U/HM = 35% 2742
All dimensionsin mm

Figure 18. A modified axial and radial micro-heterogeneous fuel pin design (DUUAX4).

As can be seen from Table 4,
the reactivity-limited burnup of the

DuUAx4 design is dgnificantly 3.00

impaired in comparison with the pp| T DuAa-l2%wio U235
optimized Ax4 design, abeit to a 5 290 } n ob
lesser extent than for the case of 2 2.00 DuUAX4 - 19.5w/0Up35
homogeneously mixed Th and U in % e

the thorium section. In addition, the ~ 1.50

DuUAx4 arrangement loses the E 100

desrable “burnable poison-like” Ch

effect. However, the DuUAx4 0.50 ==
configuration with a driver height of

4cm  yiedlds a combination of 0.00 ' ' '
reasonable neutronics performance 0 2 4 6 8
and power peaki ng, therefore, it was Distance from midplane (cm)
selected for further thermal  Figure 19. Power density profile for the DUUAx4
hydraulic evaluations. micro-heter ogeneous fuel pin design.

Heavy metal resource utilization and enrichment services (or SWU) utilization account for
most of the cost of a fuel cycle. The heavy meta resource utilization for the Hom Th/U, Ax4
Th/U, and all-uranium cases as a function of the mixing ratio (U/HM) is shown in Figure 20. The
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SWU utilization plot
[MacDonald et al., 2001] has
the same trend. The

performance of the Th/lU Hom
fuel asymptotically approaches
that of the all-uranium fuel as
the ratio of the uranium to total
heavy metal increases, but the
performance of the Th/U Ax4
fuel shows an amost constant
10% improvement over that of
the ThWU Hom fud. Two
important conclusions are that:
(1) TU Hom fuel can never
outperform the all-uranium
fuel neutronicaly, but (2)
micro-heterogeneous Th/U fuel
has the potential to outperform
the dl-uranium fuel when the
mixing ratio is a or above
50%U0,-50%ThO,. However,
for the 35%UQO,-65%ThO,
ratio, the Ax4 Th/U fud still
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Figure 20. Comparison of heavy metal [Unat+Th] resource
utilization of all-U, Th/U Hom, and Th/U Ax4 cases.

has poorer SWU tilization (heavy metal resource utilization is equivalent to the all-U).

Therefore, the ThO,-UO, fuels were found to be more expensive than UO, fuels.

In terms of plutonium generation, micro-heterogeneous fuel is more proliferation-resistant
than the Hom fuel, while the Hom fuel is more proliferation-resistant than the all-uranium fuel.
Although the uranium discharged in the thorium zone of the Ax4 urnrdenatured design is a
proliferation-prone material with high U-233 weight fraction and small criticd mass, the
multiples of critical mass available from the Ax4 un-denatured case is still smaller than that of the
of plutonium produced in the al-uranium case. In addition, the separation of uranium from
thorium is generally more difficult than extraction of plutonium from uranium. On a pellet-
average basis, the DUUAXx4 fud is the most proliferation-resistant case. Whether the duplex
arrangement can be credited as an effective means to denature U-233 must be resolved. Table 5
summarizes key neutronic and proliferation characteristics of axial micro-heterogeneous fuels.

Table5. Key values of neutronics, thermal-hydraulics, and proliferation-resistance of
various fuels, based on 35% UO, and 65% ThO , with the same U-235 initially invested.

AXx4NU DuUAXx4 Hom All-U
Ax4 Fuel
€ Fuel Fuel Fuel Fuel
B1 (MWd/kg) 60.48 52.85 55.94 48.16 53.55
Local Power Peaking Factor 45 43 24 10 10
Pu Production (kg/GWe-year) 70.72 110.3 77.87 108.0 232.2
Effective Uranium Fissile ) @ 0E
. 75.4% 13.3% 14.98% 7.9% 0.76%
Ratio (U-233+0.6U-235)/Usey ° ° ° ° °
Multiples of Critical Mass
[Pu+U] / GWe-year 12.3 7.51 6.6 12.1 10.8

(1) uranium from the thorium zone. (2) pellet average
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conduction in the axial direction. To quantify this effect, a 3-D model using HEATING7 [Childs
1993] was used. Accounting for axial conduction reduces the peak fuel temperature in the UG,
driver section by up to 500°C, depending on the contact resistance between the UO, and ThO,
pellets. However, the peak centerline temperature in the UO, core of the ThO, section is only
dightly smaller than that obtained by the 1-D conduction solution, thus the effect of the axial heat
conduction on the peak temperature in the UO,/ThO, section is marginal.

Even though the thermal hydraulic analyses of the DuUAXx4 design suggests that the DNBR
and fuel melting margins can be met, the high peaking in the driver section at beginning-of - life,
and the large power density imbalance between the driver and thorium zones would have to be
reduced further to alleviate other problems, such as zirconium hydride formation and subsequent
embrittlement of cladding in the regions of large temperature gradients, enhanced fission gas
release in the high-temperature driver section, and uneven therma expansion of the pellets in
these regions and excessive PCI in the driver section.

Because the 4.5% burnup increase achievable with DUUAX4 fuel is not sufficient to offset
the sgnificantly higher manufacturing cost of this relatively complex axialy micro-
heterogeneous duplex fuel, subsequent efforts were focused on the optimization of radia micro-
heterogeneous fud to identify if similar burnup improvement can be achieved in a smpler
geometry.

The study of basic fuel configurations in Table 4 involved a checkerboard configuration in a
I1x1 array without considering the different sizes of the heterogeneous regions. Various
checkerboard arrangements were investigated in more detail including the more practical cases of
radial checkerboard arrangements with denatured thorium pins. Four base cases (without guide
tubes) with an increasing degree of heterogeneity, with and without denaturing (with enriched
uranium), were considered — see Figure 24. The thorium fuel composition had 15 w/o of 10%
enriched UO, inthe ThO,. Thetotal fraction of ***U in the assembly was maintained constant by
adjusting the uranium enrichment of the seed fuel. This fraction of #*°U corresponds to the
homogeneous 35 w/o UO, (19.5% enriched) — 65 w/o ThO, case; namely, 6.825 w/o **U in the
entire fuel assembly. The reference PWR unit cell geometry has afuel to moderator volume ratio
of about 1.6, while all of the radial micro-heterogeneous cases have aglobal Vm/Vf ratio of about
2.0. Therefore, the homogeneous and all-uranium cases presented in this study included both a
reference PWR unit cell geometry case and a 4x4 pin arrangement case with the dimensions
presented in Figure 24 to alow for consistent comparisons with the other micro-heterogeneous
arrangements. The results of the calculations are summarized in Figure 25.

0. OOOO0CO0O 00O

QOO0 000

Tho? QOO0 OOOLOOOO
QOO00O0 OOOOLOOOO

QOO0 OOOOOLOOO

OOOO QOO0 OOOOOOOO
OO0 OO0 OO0V OVOOLOLOLO

OO OO0 0O000VOL OOOOLLOO

1x1 2X2 3x3 4x4
Dimensions uo, ThO,
Fudl pellet radius (mm) 3.322 4.746
Fud rod radius (mm) 3.852 5.503
Fitch (mm) 12.60 12.60

Figure 24. Radial-heterogeneousfuel arrays.
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Figure 25. Single batch burnup for homogeneous and radial heter ogeneous geometries.

The results showed that:

There is a modest increase in discharge burnup with an increase in the size of
heterogeneous regions.

All considered heterogeneous geometries with denatured fuel have no advantage over the
al-uranium case. The burnup improvement versus the homogeneous caseis 7 to 9.5%.
The effect of thorium fuel denaturing is significant. It results in lower burnup by about
11% compared to an un-denatured case for the 2x2 geometry configuration.

The burnup of the uranium rods is \ery high in both the denatured and un-denatured
cases (e.g. the 3 batch burnup will be roughly 1.5 times the B, value of Figure 25). This
raises the issue of designing fuel rods that can withstand such high irradiation.

A more redlistic study was carried out including the effects of the guide tube positions and
water gaps between the fuel assemblies and varying the #*°U content to identify blanket fuel
compositions that will result in acceptable power peaking and uranium isotopic composition in
the discharged blanket fue. The power peaking at beginning-of-life was found to decrease
monotonically and the achievable burnup to increase monotonically with increasing *°U content.
The highest power peak value of about 1.7 corresponded to 10 w/o of 10% (about 1w/o U-235 in
mixture) enriched uranium and the smallest value of about 1.2 corresponded to 30 w/o of 20%
enriched uranium (6w/oU-235 in mixture). Based on the therma hydraulic analyses, which
showed that a power peaking £ 1.5 can be accommodated, 20w/o uranium with at least 15w/0
enrichment (3w/o U-235 in mixture) is needed for a practical design.

Finaly, the possibilities to increase the reactivity-limited burnup in the checkerboard
configurations through variation of the moderator to heavy meta (V ./V4) ratio in the seed and
blanket regions were explored. The V,/V; ratio was varied by introducing a void into the center
of afuel pellet and by changing the outside fuel pellet diameter and the ratio of uranium heavy
metal to thorium heavy metal; the assembly average **°U loading (6.82 w/0), which corresponds
to the homogeneous (35 w/o U — 65 w/o Th) case, and the seed uranium enrichment (19.5 %)
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were kept fixed in all cases calculated. A sensitivity analysis of the achievable reactivity limited
burnup to the V.V ratio was performed separately for the seed and blanket unit cells.

The reference seed solid pin geometry (with the highest V,,/V ratio) was found to exhibit the
best burnup performance and the decrease of the seed unit cell V,/V; ratio had a negative effect
on the achievable burnup. An optimum value of V./V; ratio was not observed, but cases with
higher than the reference value of V./V; were not investigated because further reduction of the
fuel pin diameter increases the heat flux to the coolant significantly, thus challenging the
MDNBR limit. An dternative arrangement of the seed and blanket fuel pins within an assembly
with higher V ./V; ratio, where the seed fuel pins were located around the guide tubes in order to
take advantage d extra water available in these regions, achieved a moderate increase of about
2% in the single batch burnup.

The sengitivity of the reactivity-limited achievable burnup to the V./V; ratio in the blanket
was analyzed by introducing a void into the center of the blanket fuel pellet and by increasing the
number of blanket fuel pins. The reference seed unit cell geometry, which had the highest V./V;
ratio and achieved the highest burnup, was maintained fixed. Burnup was found to increase with
the increase of V,./V;in the blanket, but the gain was not significant. The effect of an increase of
V.{V ratio through the reduction of the outside fuel pin diameter, not maintaining the uranium to
thorium ratio on achievable burnup, was also investigated. As can be observed on Figure 26, the
burnup curve in terms of

the effective-full-power- 1480 95
days has a maximum at 457 1o
the blanket V,/V; ratio R Jiss o

of about 1.5 despite the 1440 e 1%
smaler  amount  of 1420 \J ( 1%
thorium in the assembly. a R 1419 //v \.a\ 1 75§
The improvement in &% [ o S |03
burnup performance is 1380 / / = P
about 27 % in

comparison with the o [ Nﬁ/ —&—solid Pellet  —8—Vioded Pelet | | &
reference  seed and 1340 'S 15
blanket unit cdl 1320 50
ga)metn es. H Owe\/er, 0.00 0.50 1.00 1.50 2.00 250 3.00 3.50 4.00
note that this burnup Vm/ve

: : Figure 26. Single batch burnup for full assembly radial
em esul :
I()Tp;r?vincreer;; ierutro; heter ogeneous un-denatured case as a function of blanket Vm-to-

moderation effect and, Vi ratio.
therefore, more efficient utilization of the fissile ***U. Should this higher V,/V; ratio be used
with current UO, fuel pins, asimilar increase of burnup would be observed.

The results of the analyses of the radia micro-heterogeneous arrangement show that these
configurations can improve burnup capabilities of uranium-thorium fuel to some extent (up to
8%). However, denaturing of the thorium, which is necessary to prevent misuse of bred-in ***U
from the discharged thorium rods and to maintain acceptable power peaking at beginning-of-life,
degrades the burnup performance to values that are about the same as for al-uranium fuel. More
importantly, this micro-heterogeneous arrangement exhibits high burnup of seed fuel rods, which
goes well beyond the current experience base. Therefore, radia micro-heterogeneous concepts
are not as promising as the axial micro-heterogeneous configurations.
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In summary, the studies on micro-heterogeneous ThO,/UQ, fuels confirmed that these fuels
can increase fuel discharge burnup by 20-30% compared to the same fuel when homogenized,
and reduce plutonium production 2 or 3 times in comparison with al-uranium fuel. However,
denaturing of the thorium, to reduce the power peaking a beginning-of-life and deter the
potential for extraction of bred-in U-233 from the discharged blanket regions, significantly
reduces this benefit. The DuUAX4 fuel design was found to exhibit the largest reactivity-limited
burnup and acceptable thermal hydraulic performance. However, its 4.5% burnup increase over
the al-uranium fud is not sufficient to offset the significantly higher manufacturing cost of such
relatively complex axial micro-heterogeneous duplex fuel. Also, smple checkerboard micro-
heterogeneity does not offer sufficient burnup improvements over the all-uranium fuel.
Therefore, our recent work has focused on the use of thorium fuels for plutonium burning.

1.2. Thorium Based Fuel as a Plutonium Disposition Option

Thorium, as a fertile material, generates very little plutonium during its irradiation. As a
result, thorium based fuels represent an excellent potential for disposition of the existing and
future stockpiles of reactor and excess weapons grade plutonium. We discuss the different
plutonium disposition options in the LWR thorium based fuel cyclein this section.

The objectives of this study are different from the objectives of the prior UO,-ThO, fue
design optimization. In the investigation of the uranium — thorium fuel, the main god was to
maximize the amount of energy extracted from the fuel per initia investment of fissile *°U. This
parameter is directly related to the economic efficiency of the fuel cycle. In this study, each
proposed disposition option will be assessed and optimized with respect to the following two
most important performance parameters.

1. Plutonium destruction rate, i.e., the number of kilograms of plutonium burnt per unit
energy produced by the fuel.

2. The residua amount of plutonium in the discharged fuel, i.e. the amount of
plutonium per unit energy produced that will have to be recycled or finaly disposed
of in a geologica repository. Optimization of this parameter is important because it
indicates the “quality” of plutonium destruction. In addition, a diluted isotopic
plutonium vector in discharged fuel will be desirable to enhance proliferation
resistance.

In addition, each plutonium disposition option will be evaluated in terms of reactivity and
reactor control related parameters in order to assure safe reactor operation.

The first step in this investigation was the assessment of the computational tools and data
libraries available for neutronic analysis of plutonium disposition options. These include the
CASMO-4 Fuel Assembly Burnup Code [Edenius et a. 1995] and MCODE — an MCNPAC and
ORIGENZ coupling code [Xu et a., 2002a]. Two benchmarks— a pin cell and a fuel assembly
having a repeating typical PWR lattice — were eval uated.

1.2.1. Benchmark Calculations

1.2.1.1. Pin Cel Benchmark Description

The first benchmark calculations were performed usng CASMO-4 and MCODE for
homogeneoudy mixed PuO,-ThO, fuel in PWR pin-cell and fuel assembly geometries. The fuel
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composition used in this benchmark included 95.5 weight % of thorium and 4.5 weight % of
reactor grade plutonium. The fuel composition, geometry and parameters for the benchmark runs
were chosen to be identical to those used in a smilar benchmarking task performed within the
framework of IAEA Coordinative Research Program (CRP) on " Potential of Thorium-based Fuel
Cycles to Constrain Plutonium and to Reduce the Long-Lived Waste Toxicity" [Ruetten et al.
2000]. CRP participants from 8 different countries performed this benchmark. Each
participating team used its own computational tools and data libraries. None of the teams used
either CASMO-4 or MNCP-ORIGEN type computer codes.

The description of PWR pin-cell geometry )
and operating conditions used for the first part of
the benchmark is shown in Figure 27. The
materials compositions for each zone in the fuel

Zone 3 Infinite Lattice

| — Zone2

pin cell are summarized in Table 6.
Average power:
The task of this benchmark was to calculate i P 241 Wiem
the fuel burnup at a constant power (211 W/cm) [ Average fuel temp:
as a function of time, without using any burnable : T =1023K
poison for reactivity control. The following _[047cm) Average water temp:
parameters are reported for a burnup of 0, 30, 40 !0.54 om Tmoa =583 K
and 60 MWd / kg of initid heavy metal: 1 70 om
Neutron multiplication (Kiq).
Total neutron flux, Figure 27. Reference pin cell geometry.
Average energy per fission, o _ o _
Residual amount of plutonium, Table6. Inltlai nuclide dengtiesin the pin
Fraction of fissile plutonium, cell (atoms/en’).
Amount of generated minor actinides, Zone 1 Zone 2 Zone 3
and Th-232 | 211E+22
233
Amount of bred “*°U. PU238 | 9728418

1.2.1.2. Pin Cdll Calculation PU-239 | 5.99E+20

Benchmark Results Pu-240 | 2.32E+20

Pu-241 | 7.69E+19

The results of the PWR pin cell benchmark Pu-242 | 4.78E+19

obtained from CASMO-4 and MCODE are

compared with IAEA CRP resuits in Tables 7 Cr 814E+19 | 3.20E+20

through 11 and Figures 28 and 29. The fud

criticality is predicted with reasonable accuracy Mn 211E+19

by all codes. The resuits for the average energy | 7€ 160E+20 | 8.46E+20

per fisson, average neutron flux, plutonium Ni 3.76E+20

isotopes destruction rate, as well as build-up of Zr 4.37E+22

U and minor actinides are aso in a good [C > 68E+18

agreement. H 4.80E+22
¢} 4.41E+22 2.40E+22

Since the details about the codes used by

other participants were not available to us, the

discussion on possible reasons behind the differences will be focused on CASMO4 versus
MCODE results. The discrepancy on Kqinty ranges between about 2% ? ? a beginning-of-life to
about 5% at end-of-life. The beginning-of-life criticality predicted by CASMO4 is dightly higher
than that predicted by MCODE and other codes. CASMO4-calculated reactivity versus MCODE
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results is higher even though the fuel temperature used in MCODE was lower than the fue
temperature of 1023K defined in the benchmark. Note that the cross-section data for fuel
nuclides used in MCODE calculations were available only a 900K. The reasons for this
discrepancy most likely lies in different libraries used in MCODE and CASMO4, as discussed
below.

Table 7. Infinite medium neutron multiplication factor asa function of burnup.

Burnup(MWd/kg) 0.0 30 40 60
Germany 1.136 0.908 0.862 0.810
Russia 1.123 0.915 0.876 0.838
China 1.131 0.913 0.868 0.824
Korea 1.118 0.910 0.870 0.830
India 1.112 0.889 0.851 0.822
USA 1.110 0.911 0.873 0.832
Japan 1.135 0.921 0.881 0.841
Netherlands 1.125 0.925 0.887 0.848
CASMO4 (MIT) 1.142 0.915 0.870 0.824
MCODE (MIT) 1.121+ 0.0014 | 0.916+0.0013 | 0.874+0.0012 | 0.837+0.0012

Table 8. Residual amount of plutonium (Pu / Pu initial) as a function of burnup.

Burnup (MWd/kg) 0.0 30 40 60
Germany 1.00 0.42 0.29 0.13
Russia 1.00 043 031 0.16
China 1.00 0.40 0.28 0.12
Korea 1.00 041 0.28 0.14
India 1.00 041 0.29 0.14
USA 1.00 043 0.30 0.16
Japan 1.00 043 0.31 0.16
Netherlands 1.00 043 0.31 0.16
CASMO4 (MIT) 1.00 043 0.30 0.16
MCODE (MIT) 1.00 043 0.31 0.16
Table9. Fraction of fissle plutonium (Pu fissile/ Pu init.) asa function of burnup.
Burnup (MWd/kg) 0.0 30 40 60
Germany 0.70 0.42 0.34 0.23
Russia 0.70 0.40 0.32 0.19
China 0.71 0.39 0.31 0.23
Korea 0.70 0.39 0.29 0.18
India 0.70 0.38 0.30 0.17
USA 0.70 041 0.34 0.21
Japan 0.70 041 0.32 0.18
Netherlands 0.70 041 0.33 021
CASMO4 (MIT) 0.70 041 0.32 0.18
MCODE (MIT) 0.70 041 0.33 021
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Table 10. Minor actinidesfraction (MA / Pu initial) asa function of burnup.

Burnup(MWd/kg) 0.0 30 40 60

Germany 0.00 0.037 0.049 0.069
Russia 0.00 0.033 0.043 0.065
Korea 0.00 0.035 0.048 0.069
USA 0.00 0.036 0.047 0.068
Japan 0.00 0.037 0.048 0.069
Netherlands 0.00 0.037 0.049 0.070
CASMO4 (MIT) 0.00 0.034 0.044 0.062
MCODE (MIT) 0.00 0.039 0.052 0.074

Table11. Bred U fraction (*°U /

Pu initial fissile) asa function of burnup.

20+

15+

10+

3
8

Burnup(MWd/kg) 0.0 30 40 60
Germany 0.00 0.37 0.44 0.50
Russia 0.00 0.40 0.47 0.53
China 0.00 0.39 0.45 0.51
Korea 0.00 0.41 0.48 0.54
India 0.00 0.40 0.47 0.51
USA 0.00 0.41 0.48 0.54
Japan 0.00 0.38 0.44 0.50
Netherlands 0.00 0.41 0.48 0.54
CASMO4 (MIT) 0.00 0.36 0.42 0.47
MCODE (MIT) 0.00 0.38 0.44 0.50
450 —
E P 400 <
% __ 350 1
7// é 500 /
; E Lo —=— Germany
o —O—Russa
+MCODE | | £ ,00 —e—China
-~ CASMO4 Sb 150 —o—Korea
— - .
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Figure 28. Total neutron flux: MIT vs. IAEA benchmark comparisons.
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Figure29. Energy per fisson: MIT vs. IAEA benchmark comparisons.

The dope of the criticality curve calculated by CASMO4 is steeper than that obtained by
MCODE. There are two reasons for this disagreement:

1. Differences in the number of fisson products and actinides tracked in MCODE. One
hundred fission products and 29 actinides were tracked in MCODE calculation while one
hundred and eight individual nuclides are considered in CASMO4 depletion calculations.

2. Differences in libraries between these two codes. MCODE utilized primarily ENDFVI
cross-section data. CASMO4 cross-section data are based on evaluated data files JEF-2.2
and ENDF/B-VI that are processed by NJOY -91.91 to generate libraries in 70 energy
groups in CASMO4 format.

Also it isto be noted that CASMO4 has a higher recoverable energy per fission than ORIGENZ2.1
but exhibits a faster burnup rate, i.e. against the expectations based on fission energy difference.
Thus, the effect of differences in fission products and cross sections is more important than the
differences in recoverable energy per fission.

1.2.1.3. PWR Lattice Benchmark Description

This part of the benchmark was performed in order to assure the capability of CASMO-4
and MCODE computer codes to manage assembly level 2D transport calculations with fuel
depletion. As in the first part of the benchmark, the results obtained with CASMO-4 and

MCODE will be compared with the results obtained by the participants of the IAEA Coordinative
Research Program.

The calculations were performed for a 17x17 PWR fuel assembly with octant symmetry.
The assembly included 25 water hole positions without guide tubes. The assembly cans were not
considered. The calculations were carried out a a constant power density of 37.7 kW/kg of initial
heavy metal and with zero buckling. The assembly and fuel pin geometry are described in Table
12. The materia compositions are given in Table 13.
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Table 12. PWR assembly and fuel pin geometry description.

Outer dimensions (cm): 22,662 22.662
Cdll pitch (cm): 1.33306
Fuel pellet radius (cm): 04127
Cladding thickness (cm): 0.0617
Equiv. Cdll radius (cm): 0.7521

Table 13. PWR assembly material composition (atoms/ barn —cm).

Fuel - 5% PuO2 + 95% ThO2. Temperature 900 K
Th-232 2.0592e-2
Pu-238 2.2900e-5
Pu-239 7.4780e-4
Pu-240 2.9030e-4
Pu-241 1.5340e-4
Pu-242 5.0100e-5
0-16 4.3710e-2

Cladding - Natura Zr. Temperature 600 K
Zr (natural) 4.3241e-2

Moderator - Light water, with 500 ppm Natural Boron. Temperature 573 K
H-1 4.7708e-2
0-16 2.3854e-2
B-10 3.9518e-6
B-11 1.5906e-5

The task of the second part of benchmark was to calculate and compare the following
parameters:

Criticality as afunction of burnup for burnup range between 0 and 60 MWd/kg,
Fuel composition as a function of burnup (mgor actinides),

Locd pin-by-pin power distribution,

Moderator temperature coefficient (MTC) for 0 and 60 MWd/kg,

Doppler coefficient (DC) for 0 and 60 MWd/kg, and

Soluble boron warth (BW) for 0 and 60 MWd/kg.

The reactivity coefficients are defined as follows.
DK
K,*K,*DT,
where DT, is the moderator temperature difference between two moderator temperatures T, and

T, and K; and K, are neutron multiplication factors corresponding to temperatures T, and T,
respectively.

Moderator temperature coefficient - MTC =
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DK
K,*K,*DT, '
where DT; isfud temperature difference between two fuel temperatures T, and To.

Doppler coefficient - DC =

DK
K,*K,*DC’
where DC is boron concentration difference in ppm.

Soluble Boron Worth - BW =

1.2.1.4. PWR Benchmark Calculation Results

The results of this part of the benchmark are compared in Tables 14 through 16 and in
Figures 30 and 31. The criticality predictions from the various codes agree within about 2.5% at
the beginning-of-life and within 3.5% at 60 GWd/t. The results obtained from both CASMO4
and MCODE fall within this range of uncertainty. The beginning-of-life eigenvalue predicted by
CASMO4 is dightly higher (by 1.7%) than that predicted by MCODE. Although the fuel
temperature was the same in both codes (900K), the trend of higher reactivity prediction by
CASMO4 at beginning-of - life and lower reactivity prediction at end-of-life remained the same as
in the pin cdl benchmark. The reasons for the differences are the same as discussed above for the
unit cell calculations.

Asin the pin cell benchmark task, the same number of nuclides (100 fission products and 29
actinides) was tracked in the MCODE depletion caculations. All of the fuel pinsin the MCNP
(MCODE) assembly model were defined as a single material. Thus, the effects of local neutron
flux differences on the burnup of the individua pins could not be fully accounted for. Despite
this simplification, the agreement in fuel isotopics prediction between MCODE, CASMO4, and
the IAEA benchmark results is plausible. This is not surprising because the differences in
neutron flux within the assembly are small. The good agreement of assembly-average fuel
composition prediction between CASMO4 and MCODE suggests that a smplified MCODE full
core model, which uses one material in an axial section of a fuel assembly, may yield good
results. This would alow full core burnup simulation with MCNP-based codes at reasonable
computer time.

Table 14. Infinite medium neutron multiplication factor versus burnup.

Burnup, Russia Japan Korea India Israel CASMO MCODE
MWd/kg
0 1.1890 1.1987 1.1734 1.2076 1.1956 1.2035 | 1.1836+0.0013
0.5 1.1569 1.1670 1.1384 1.1736 1.1643 1.1721
20 1.0298 1.0521 1.0123 1.0372 1.0290 1.0360 | 1.0233+0.0013
40 0.9147 0.9527 0.9057 0.9104 0.9119 0.9115 | 0.9124+0.0011
60 0.8315 0.8657 0.8310 0.8294 0.8314 0.8188 | 0.8318+0.0011
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Table15. Assembly-average fue composition (actinides) as a function of burnup.

Assembly-Average Number Density (atoms/bar n*cm)

urnup, ussia an orea ndia Sr
B p R Jap K Ind Israel CASMO4 MCODE
GwWd/IT
Th232
0.0 2.059*10° 2.059* 10" 2.059*10" 2.059*10° 2.059*10° 2.059*10" 2.059*10°
05 2.059*10° 2.059* 10" 2.059*10" - - - -
20.0 2.037+10° 2.036* 10" 2.037%10" 2.036*10° 2.037%10° 2.038*10" 2.037%10°
40.0 2.011*10° 2.008* 10" 2.011*10 - 2.010*10° 2.013*10" 2.009*10°
60.0 1.977%10° 1.975*10° 1.978*10" 1.970*10° 1.977%10° 1.980*10" 1.975*10°
Pu238
0.0 2.290*10° 2.29010° 2.29010° 2.29010° 2.29010° 2.29010° 2.29010°
05 2.279*10° 2.279°10° 2.27910° - - - -
20.0 1.94010° 1.952*10° 1.928*10° 1.82910° 1.937%10° 1.92910° 1.92510°
40.0 1.834*10° 1.87910° 1.798*10° - 1.793*10° 1.744*10° 1.777%10°
60.0 1.687%10° 1.816*10° 1.636*10° 7.488*10° 1.611*10° 151510° 1.607*10°
Pu239
0.0 7.478*107 7.478*107 7.478107 7.478107 7.478*107 7.478107 7.478107
05 7.348*107 7.351*107 7.349107 - - - -
20.0 3.174*107 3.270"107 3.175*107 2.993*107 3.147107 3.154*107 31307107
40.0 0.810*107 0.961*107 0.820*107 - 0.773*107 0.7726*10~ 0.773*107
60.0 0.118*107 0.170*107 0.121*107 0.479*107 0.105*107 0.0999*10~ 0.106*107
Pu240
0.0 2.903* 107 2.903*107 2.903*107 2.903*107 2.903*107 2.903*107 2.903*107
05 2911107 2.909*107 2.911107 - - - -
20.0 2.826*107 2.678*107 2.820107 2.846*107 2.853*107 2.810*107 2.816*107
40.0 1.981*107 1.845107 1.991*107 - 2.014*107 1.951*107 1975107
60.0 0.809*107 0.839*107 0.874*107 0.670107 0.846*107 0.783*107 0.838*107
Pu241
0.0 1.534*107 1.534*10™ 1.534*10™7 1.534*107 1.534*10™ 1.534*10™ 1.534*107
05 1.540%107 1.543*10° 1541*10" - - - -
20.0 1.591*107 1.703*10™ 1.605*107 1.545¢107 1.578*10™ 1.613*10™ 1.632*107
40.0 1.233*107 1.360*10™ 1.231*10" - 1.214*10™ 1.236*10™ 1265107
60.0 0.650*10™ 0.741*10™ 0.641*10™ 0.539*10™ 0.639%10™ 0.621*10™ 0.662*10™
Pu242
0.0 0.5010*10* 0.5010*10 0.5010*10* 0.5010*107* 0.5010*10 0.5010*10 0.5010%107*
05 0.5050* 107 0.5043*107 0.5051*10 - - - -
20.0 0.7088*10™ 0.6813*10™ 0.7248*10° 0.7203*10™ 0.7020* 10 7.018*10™ 6.8240%10
40.0 0.9877*107 0.9245*10 1.0380%10™ - 0.9832*10° 0.990*10™ 0.9517*10
60.0 11890107 1.1030*10™ 1.2880*10™ 1.1624*10™ 1.194010™ 1.216*10™ 1.153010™
U233
0.0 . E - . - : .
05 0.731910° | 0.7918*10° 0.7378*10° . - : .
20.0 15150107 1.5996* 107 15350*107 15960107 15330107 1.4594*107 15690107
40.0 2.6120*107 2.7492*107 2.64007107 - 2.6750*107 2.539107 2.7180*107
60.0 3.1350t107 3.3109*10” 3.1600*10™ 3.1910*107 3.2350*107 3.060*107 3.2732¥107
U234
0.0 - - - - - - -
05 0.2361*10~ 0.2522*10 0.1556*10" - - - -
20.0 0.8565*10™ 0.9714*10° 0.8025*10° 0.9627*10° 0.7913*10° 0.7834*10° 0.856*10°
40.0 2.6680710™ 2.8855¢10° 25200710 - 2.5290710° 2.484*10° 2.658*10°
60.0 5.32007107 5.4315¥10° 4.907010° 6.1950710° 5.0450*10° 4987107 5.1981*10°
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1.051 0.979 0.98 1.033 0.973 0.922 0.91 0.886
1.021 0.977 0.978 1.024 0.976 0.941 0.915 0.899
1.026 0.985 0.987 1.03 0.982 0.932 0.904 0.883
1.034 0.98 0.981 1.036 0.976 0.931 0.904 0.884
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Figure 30. Pin-by-pin relative power distribution in PWR fuel assembly at beginning-of-

life.
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Figure 31. Pin-by-pin relative power distribution in PWR fuel assembly at 60
MWd/kg.

Table 16. Reactivity coefficients (x 10%) for 0 and 60 MWd/kg.

0MWad/kg 60 MWd/kgt
MTC DC BW MTC DC BW
Russia -3.500 -0.280 -0.380 -1.500 -0.360 -1.100
Japan -2.696 -0.283 -0.341 -0.969 -0.378 -0.864
Korea -3.774 -0.319 -0.394 -2.928 -0.453 -0.107
Israel -3.333 -0.292 -0.400 -1.142 -0.477 -1.119
CASMO -3.768 -0.235 -0.403 -2.544 -0.359 -1.175
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The reactivity coefficients were calculated only with the CASMO4 code because it has built-
in capabilities for reactivity parameter calculations and, therefore, it will be used for these
purposes in the future. The pin-by-pin power distribution was calculated with MCODE for the
beginning-of-life only since the computational time required for the depletion calculation of each
fuel pin within the assembly is large. The agreement of the pin-by-pin power distribution
predictions was found to be very good. All the codes identified the hot fuel pin a the same
location d@ beginning-of-life. The discrepancy in pin power prediction at end-of-life for the
different pin locations is between 5 and 10%.

The beginning-of - life values of reactivity coefficients are in reasonable agreement. Some
discrepancies in reactivity coefficients predictions were observed at end-of-life.  These
discrepancies may be attributed to different plutonium isotope concentrations. However, the
trend of change with burnup is predicted correctly by al the computer codes.

1.2.1.5. Conclusions

The benchmark calculations confirm that the CASMO4 and MCODE computer codes are
suitable for scoping studies of thorium—plutonium based fuel designs. They predict reasonably
well the criticality and composition of the fuel, and their results fall within the uncertainties of the
other codes used by the participants in the IAEA international benchmark. The CASMO4
computer code can also be used for estimation of the fuel reactivity coefficients with a reasonable
degree of confidence.

1.2.2. Potential Of Thorium-Based Fuels To Burn Plutonium And Minor Actinides

Plutonium and the minor actinides in spent nuclear fuel represent a considerable nuclear
proliferation concern and have a major contribution to the long-term radiotoxicity of the nuclear
waste. Extensive research is currently in progress aimed at a reduction in the existing plutonium
and minor actinides in the spent LWR fuel stockpiles. However, many of the proposed solutions
require a dignificant development effort and very likely high costs. For example, many
accelerator driven and critical fast spectrum systems use advanced materials and components that
have yet to be proven economicaly. Alternatively, use of uranium-plutonium MOX fud in
LWRSs is less costly to implement but the production ¢ plutonium from uranium in the fuel
reduces the effectiveness of plutonium destruction.

In order to accelerate the plutonium and minor actinide destruction, the amount of uranium
loaded into the core must be minimized. Two options seem to be promising in that respect —
fertile-free and thorium based fuels. The utilization of the existing PWR fleet makes both of
these options economically attractive.

Fuel cores based on fertile-free fuels exhibit a large reactivity swing. Cores with mixed
fertile-free and UO, fuel may have high power peaking and impose some additional requirements
on reactor control. Asaresult, only alimited number of fertile-free assemblies can be placed in
the core.

Thorium-based fuels can potentially reduce the reactivity swing due to the continuous build
up of U-233 and would have a more favorable Doppler reactivity coefficient. At the sametime,
smilar to non-fertile fuels, thorium as a primary fertile materia in the core alows effective
burning of plutonium and minor actinides because virtually no plutonium and minor actinides are
generated from thorium. ThO, is the preferable form to be used as a fuel due to substantial
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accumulated experience, mostly in the 70's and 80’s, as well as its compatibility with light water
coolant.

The effectiveness of TRU transmutation in thermal reactors can be argued by the fact that the
minor actinides have large capture cross-sections in a thermal spectra. In such a spectra, the
minor actinides can be rapidly transmuted by neutron capture to fissile isotopes with high fission
cross-sections, and thus eventually destroyed. In addition, the thermal spectrum cross-sections
for neutron absorption are 200-300 times larger than for fast neutrons. Thus, at a given power
level athermal gectrum system requires a significantly smaller actinide inventory, even though
fast systems operate a higher neutron flux levels than therma systems. This ultimately implies
that thermal spectrum systems will discharge a smaler amount of minor actinides for
reprocessing and, therefore, potentially reduce reprocessing costs due to smaller heavy metal
throughput. On the other hand, somewhat larger amounts of Cm and Cf are expected to build up
in therma systems, which will increase the cost of reprocessing because of high shielding
requirements against neutrons from spontanesous fissions of these nuclides. Hence the cost
aspects need to be evaluated against particular designs for both the manufacturing and
reprocessing facilities (for example, IFR may have less costly reprocessing).

In this work, we focus on establishing the practica limits for plutonium and minor actinide
burning efficiency and on the feasibility of thorium based fuel in PWRs. The main parameters of
interest are the rate of total putonium and minor actinide destruction and residual fraction of
transuranic nuclides (TRU) in discharged fuel. The former parameter is, effectively, the number
of kilograms of TRU that are burnt per unit energy produced by the fuel. The latter parameter
indicates the amount of TRU that will have to be recycled or disposed of in the nuclear waste
repository.

The fuel composition (relative amounts of Th, Pu, MAs, and U in the fuel) and lattice
geometry will affect both of these indices: the burning efficiency and rate of TRU destruction.
Therefore, the study reported here consists of several parts. First, homogenous reactor grade
PuO,-ThO, mixtures are studied covering awide range of possible compositions and geometries.
Then, the effect of the addition of a small amount of natural uranium to the fuel was investigated.
This option is important for the once-through TRU burning scenario where the discharged fuel
will be sent directly to the repository. In this case, the U-233 generated from the Th-232 hasto
be isotopicaly diluted (denatured) in order to eliminate potentia nuclear proliferation threats.
Next, the minor actinides were also considered as part of the fuel and the efficiency and
destruction rates of the plutonium, minor actinides, and total TRU were investigated.

The PWR fud lattice alows a certain degree of freedom in optimization of the fuel to
moderator volume ratio. This ratio defines the degree of neutron moderation and, therefore,
absorption and fission reaction rates in different heavy metal nuclidesin the fuel. For that reason,
a scoping study was carried out to evaluate the effect of the fuel lattice geometry on plutonium
and minor actinide destruction performance for each fuel composition considered.

Finaly, the feasibility of utilization of TRU-loaded thorium based fuels in the current
generation of PWRs was studied by a comparative analysis of the reactivity coefficients and
soluble boron worths for a number of redistic TRU-thorium cases, typicd MOX, and
conventional all-uranium fuel.
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1.2.2.1. Description of Methodology and Calculated Cases.

All burnup and criticality calculations in this study were performed using the CASMO4 fuel
assembly burnup computer code, which uses a 70-energy group neutron cross-section library.
The benchmark calculations demonstrated that CASMOA4 is suitable for scoping studies of
thorium — plutonium based fuel designs. It predicts reasonably well the criticality, the evolution
of the fuel composition with burnup, and the fuel reactivity coefficients. The results obtained
with CASMO4 fall within the uncertainties of other codes evaluated in the benchmark. However,
careful evauation of the accuracy of the different computational tools for fuel design with large
loadings of minor actinides has yet to be performed. It should aso be noted that the accuracy of
the currently available nuclear data for minor actinide nuclides is limited to a considerable extent.
For example, the differences in the thermal cross-sections of some of the minor actinides from the
major nuclear data files can range up to 30% [Delpech et d. 1996].

The burnup calculations were performed  Table 17. Reference pin-cell geometry
for afuel pin cell geometry of atypicd PWR.  and operating parameters.

The reference fud pin cell geometry and Fuel pellet diameter, mm 8.192
operating parameters used in the calculations Gap thickness, mm 0.082
are summarized in Table 17. The effect of Outer Cladding diameter, mm | 9.500
differences in the neutron energy spectrum Lattice Bitch, mm 106

was studied by changing the hydrogen to

. . Fuel temperature, K 900
heavy meta atom ratio (H/HM). Different -
H/HM ratios were smulated by varying the Coolant temperature, K 583
water density in a fud pin cdl of fixed | Power density, kWil 104
reference geometry. For the purposes of the Reference H/HM ratio 364

current study, this approach of varying H/HM

can be considered neutronically equivalent to other more redlistic options as demonstrated in [Xu
et a. 2002b]. The H/HM ratios were varied in a wide range from about 0.002 to about 70. All
the fuel compositions analyzed in this study are summarized in Table 18.

Table 18. Summary of studied fuel compositions.

Case. Description Th, w/o '\'"?‘1““6" Pu, w/o MA | sotopic
Uranium, w/o w/o vector

1 Pu-Th undenatured 93.0 - 7.0 - Table 19
2 Pu-Th undenatured 91.0 - 9.0 - Table 19
3 Pu-Th undenatured 89.0 - 11.0 - Table 19
4 Pu-Th undenatured 85.0 - 15.0 - Table 19
5 Pu-Th denatured 78.0 15.0 7.0 - Table 19
6 Pu-Th denatured 76.0 15.0 9.0 - Table 19
7 Pu-Th denatured 74.0 15.0 11.0 - Table 19
8 Pu-Th denatured 70.0 15.0 15.0 - Table 19
9 Pu-MA-Th denatured 63.58 1354 1982 3.05 | Table20
10 | Pu-MA-Th denatured 61.89 13.18 2160| 332 | Table20
11 | Pu-MA-Th denatured 5851 12.47 2515| 387 | Table20
12 MOX - 93.00 7.00 - Table 19
13 All-U - 100 (4.5% “*U) - - -
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In the cases with zero minor actinide loading, the isotopic composition of the plutonium
vector that was used is shown in Table 19. This composition corresponds to the plutonium
immediately after discharge in the spent fuel from atypical LWR, using all-uranium fuel with an
initial U235 enrichment of 4.5% and a burnup of about 50 MWd/kg. Four different initial
plutonium loadings of 7, 9, 11 and 15w/o relative to total heavy metal in the fuel (Cases 1 through
4 in Table 18) were analyzed to cover the whole range of possible fuel cycle lengths.

In Cases 5 through 8 in Table 18, 15w/o of naturd uranium was added to the initial
plutonium and thorium fuel composition, in order to assure that the uranium proliferation index in
the discharged fuel is smaller than 0.12. The uranium proliferation index is defined as [Forsberg

et al. 1999] as

Weight of **U + 0.6 ~ Weight of *°U <
Total Weight of Uranium

0.12

The initid plutonium and minor actinide isotopic
composition of the PMA-Th fuel (Cases 9 through 11 in
Table 18) is shown in Table 20. This composition
corresponds to the isotopics of 4.2% enriched conventional
UO, fuel irradiated to 50 MWD/kg and then decayed for 10
years. Three different loadings of TRU in thorium were
studied, again, to cover a broad range of possible fuel cycle
lengths. In the reference fuel pin cell geometry these three
fud compostions will result in 12, 18 and 36 months
operating cycle lengths respectively.

In this part of the study, the amount of natural uranium
added for denaturing the bred U-233 was chosen to be about
20% relative to the amount of thorium in the fuel. It was
assumed that al the minor actinides in the fuel have the
chemica form of (MA)O, with densties equa to the
theoretical density of PuO,. Core leakage was neglected in
these scoping dudies and the reactivity limited single batch
burnup (BU1) and fuel cycle length were estimated by
calculating the burnup at which k-infinity of the fuel equals
unity. The discharge fuel burnup was estimated using a 3
batch linear reactivity model, as 1.5 BU1 [Driscoll et &.
1990].

In current PWRSs, only reasonably moderate changes in
the fud assembly configuration are possible in order to
optimize the fuel performance parameters. Additiondly,
denaturing of bred U-233 is a required constraint for a
practical design. In light of these two considerations, only
denatured cases with H/HM ratios between the reference case
and the reference +40% case were evauated in terms of
reactor operational characteristics.

The Doppler reactivity coefficient (DC), moderator
temperature coefficient (MTC), void coefficient (VC) and
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Table 19. Initial plutonium
isotopic composition in Pu-Th
fuel.

I sotope Weight %
Pu-238 2.883
Pu-239 54.602
Pu-240 21.150
Pu-241 15.300
Pu-242 6.064

Table 20. Initial plutonium
and minor actinide (TRU)
isotopic composition in Pu-
MA-Th fudl.

| sotope Weight %
u-234 0.0001
U-235 0.0023
U-236 0.0019
U-238 0.3247
Np-237 6.641
Pu-238 2.7490
Pu-239 48.6520
Pu-240 22.9800
Pu-241 6.9260
Pu-242 5.0330
Am-241 4.6540
Am242m | 0.0190
Am-243 14720
Cm-242 0.0000
Cm-243 0.0050
Cm-244 0.4960
Cm-245 0.0380
Cm-246 0.0060




soluble boron worth (BW) were calculated for the Compositions 5 through 11 in Table 18 a 3
different H/HM ratios and at 3 time points. beginning, middle, and end of fuel irradiation. In
order to simulate close to realistic operating reactor conditions, all the reactivity coefficients were
calculated assuming that the soluble boron concentrations are 1000 ppm, 500 ppm, and O ppm at
beginning, middle, and end-of -life respectively.

The MTC, DC and BW were calculated using the relations described in Section 1.2.1.3.
The void coefficient (VC) is calculated as

DK

VC=—————
K. K, DV

where DV isthe difference between two coolant void fractions VV; and V..
1.2.2.2. Resultsand Discussion —Un-denatured PuO,-ThO, Fuel Cases

One of the most important
characteristics of the fue
designed  for plutonium
disposition is the plutonium
destruction rate; namely, the
number of kilograms of
plutonium destroyed per unit
energy produced by the fuel.
Figure 32 shows the plutonium
destruction rates normalized
per 1 GWYear.. The
plutonium destruction rate is
relatively insenstive to the
plutonium loading and to the
H/HM ratio in the
neighborhood of the reference
H/HM vaue. The rate of
plutonium destruction for low
plutonium loadings a low
H/HM ratios (in epitherma
energy spectra) exhibits an
increase due to the fact that the
fuel cycle length in this region
is relatively short (Figure 33)
whereas fissle Pu-239 burns
out rather rapidy a the
beginning of fud irradiation,
increasing the total plutonium
destruction rate. In contrast,
the rate of  plutonium
destruction for the fuel with
high  plutonium  loadings
monotonically decreases as the
H/HM ratio decreases (Figure
32). In this case, a significant
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Figure 32. Normalized plutonium destruction rate vs,
H/HM Ratio: un-denatured cases.
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Figure 33. Reactivity limited burnup (BU1) vs. H/HM ratio:
un-denatured cases.

amount of energy is generated from the U-233 due to the effective breeding in the epitherma and
fast energy spectra. The initia plutonium loading is high enough to sustain core criticality until a
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significant amount of U-233 is generated. As a result, the plutonium destruction rate is reduced
because of the competition between neutron absorption in the plutonium and U-233, although
high burnup, in generd, results in deep plutonium burning as shown in Figure 34. It should also
be noted, however, that the stated achievable burnup is an overestimate since neutron leakage was
not considered. Additionaly, the leakage is expected to be higher in plutonium containing cores
due to the harder neutron spectrum than for all-uranium cores. Similarly, the cases with very low
H/HM will have

sgnificantly ~ higher ~ [~—comp 1 Note: Ech pint s iferent
|eak®e than the cases . comp. 2 .,\ E corresponding discharge burnu
with  high  H/HM 001 \ \\ :

. —+—Comp. 3 1
because of an increased 80.0 +— __ i F
neutron migration area,  _ . Comp. 4 N /,
resling in  smaller £ NN /)
achievable burnupsthan 2 600 \\\ ! / //
those indicated on 3 s00 : /
Figure 33. Thiswill in 2, /’H\N\ ///
un leed to lower 5 pd %p{/
plutonium burnup rates 300 / DNEgEe— 1
and higher plutonium 20.0 —
residual fractions for 100 ./ !
the low H/HM ratio P
cases than those shown 0'00 L 10 100 1000
in Figures 32 and 34. '  HHMatom ratio '

Figure 34. Residual plutonium fraction vs. H/HM ratio:

Figure 34 a0 i denatured cases.

suggests  that an
approach to achieve

desper  plutonium o ] e o e et
burning (that is, to 1200 5
minimize the fraction of i
the resduad plutonium " \\\ .
in the discharged fuel) 1000 ;
in a PWR core isto  § — P
incresse the H/MHM 3 7 e
ratio. Upto 75% of the 2 e e B e K
initially loaded £ / o ! T Comet

/ 2 700 = t Undenatured —&— Comp. 2
plutonium can be : / ) % ! cases | ——comp. 3
potentially destroyed by 600 ; . —o—Comp. 4
incressng the H/HM 500 / | - o Comp.5
ratio from 3.64 to about / ' Denatured | - - Comp. &
7. However, at hlgh 400 / - = PWR—T cases :::zomp.;
H/HM in a given core oo 2 . : Nz e
VOI ume’ the tOtaI o " H/HM atom ratio o0 e
:orllﬁlglrils/um Wi”|06ﬂ§2 Figure 35. Normalized plutonium destruction ratevs. H/HM ratio.
smaller.
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1.2.2.3. Resultsand Discussion - Denatured PuO,-UO,-ThO, Mixture Cases

Addition of uranium to the fuel decreases the plutonium destruction rate as expected. Figure
35illustrates this fact. At the reference H/HM ratio point, the addition of 15w/o0 natural uranium
reduces the rate of plutonium destruction by about 20%, although, this relative reduction in the
destruction rate becomes smaller for “wetter” than reference fuel lattices.

Figures 36 and 37 compare the quality of the plutonium destruction for the denatured and un-
denatured cases for various plutonium loadings. At the reference H/HM ratio, denaturing can
amost double the
amount of residud

100.0
plutonium. However, \ 7\
a  higher  than  sop— T o |
reference H/HM ratios, 80.0d— —*—comp. 4 ) .
the difference between o coms \ ris /
the denatured and un- & | ¢X \ /
—=— Comp. 8 * ~ \ '

denatured cases
becomes smdler and

60.04— -~ -
i N /7
50.0 - To—2

Pu residual /7 Pu initial

even vanishes for s S ,

highly over moderated 400 ~ // _\Q\ . M;.f/‘:z/:///

| attices. This is 300 e s s

partially due to the fact 4 S

that denatured cases in 200 /

the over moderated 100

region achieve dightly o e L L
higher burnup as 01 1.0 10.0 100
illustrated by Figure H/HM atom ratio

38. Figure 36. Residual plutonium fraction vs. H/HM ratio:

plutonium loadings 7 and 15 w/o.
Figure 39 shows
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uranium ratio as a 90.0 7 —+— comp. 2 \\ PWR

function of H/HM for \ N
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addition of 15 wi/o 700+ —— comp. 3 . ,
natural  uranium is N /f

sufficient to assure the
proliferation resistance
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discharged fue for

B i B B4

Pu residual /7 Pu initial

most of the calculated 0 ol

Cases. In fact, the 200

uranium fissle ratio 100

decreases with H/HM

which indicates that o o e o0
the amount of natura H/HM atom ratio

uranium can be Figure 37. Residual plutonium fraction vs. H/HM ratio:
reduced for wetter than  plutonium loadings 9 and 11 w/o.

reference fuel lattices,

which also improves the plutonium burning performance.
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Figure 38. Reactivity limited burnup (BU,) vs. H/HM ratio: denatured cases.
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Figure 39. Effectivefissile uranium ratiovs. H/HM ratio: denatured cases.

1.2.2.4. Resultsand Discussion - (MA)O; - PuO, - UG, - ThO, Mixture Cases

The potential for transuranic nuclide (TRU) destruction is an important feature of innovative
fuel designs, which can help the effort to reach sustainable fuel cycles. Only systems that utilize
fuel that burns the same amount, or more, TRU than originally loaded have the ability to reach an
equilibrium state in a completely closed fuel cycle with zero net generation of TRU.
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Thorium based fuels used for disposition of plutonium and minor actinides, although they do
not create new plutonium and minor actinides, produce noticeable amounts of actinides
originating from the Th-232. The most vauable nuclide for the sustainable closed fuel cycle
scenario is U-233. It typicaly constitutes over 90% of al the thorium chain isotopes. It has a
large thermal fission cross-section; thus, it can be efficiently recycled. However, small amounts
of other thorium chain nuclides are long lived and radioactive. For example minute quantities of
U-232 can significantly complicate fuel reprocessing and fabrication because of the presence of
strong ?-emittersin its decay chain [Laughter et al. 2002].

To distinguish between the TRU and other non-natura actinides, al nuclides produced by
neutron capture from Th-232 and subsequent decay have been added to the discharge waste
stream. Therefore, two sets of curves were generated — the first set describes the consummation
of TRU per path, while the second set includes also the contribution of non-natural actinides from
the thorium chain to the TRU stream. However, it needs to be pointed out that more than 90% of
actinides from the thorium chain are represented by the U-233, which is a valuable fissile isotope
to be recycled and reused in LWRS, hence the net contribution of trans-thorium actinides to the
overal actinide waste stream is very small. Figure 40 shows the destruction rates, normalized per
1 GweYear, for 3
different initid TRU 1200

loadings that in the Reference S
ef PWR f d 1100 Pin Cell jz;;;:l:-
reference u 1000 e < P
pin cell geometry will /
result in 12, 18 and 36 900 3
month  fuel  cycle 800
()
lengths. ;Ei 700
. = 600
The following € 500
observations are made. <
400 ——Comp. 9
. --- Comp. 9 (noTh chain)
The destruction 300 ——Comp. 10
rates of TRU onIy 200 --- Comp. 10 (no Th chain)
and dl non-natural 100 ——Comp. 11
aCtl nldes -~ Comp. 11 (no Th chain)
. O 1 1 1 L1111 1 1 1 1 L1 11 1 1 1 1111 |=
_monotonlcally . 0.1 1.0 10.0 100.0
increase with

. ) H/HM atom ratio
increasing  H/HM Figure 40. Energy normalized destruction rate for TRU and all non-

ratio  over the patyral actinides.
whole investigated

range of fuel lattice geometries. Therefore, it is always beneficia to keep the H/HM ratio as
high as possible from the destruction rate viewpoint.

The destruction rates of the TRU, without the thorium chain nuclides, are not sensitive to the
initial TRU loadings.

The contribution of the thorium chain nuclides to the total destruction rate of the non-natural
actinides varies with H/HM and initial TRU loading. This variation originates in the fact that
the efficiency of the U-233 buildup depends on the H/HM ratio as well as on other actinide
inventories.

Figure 41 shows the minor actinide-only contribution to the total TRU destruction rate. As

can be observed from Figure 41, the actua reduction in minor actinide inventory can be achieved
only for highly over-moderated lattices if the thorium chain nuclides are included in the balance.
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If the thorium chain nuclides are not considered, the reduction of the minor actinide inventory is
possible with arate of about 100 kg per GWeY ear. This rate appears to be remarkably insensitive
to theinitial TRU inventory and H/HM ratio in the range of practical interest (from 1 to 10).
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Figure4l. Energy normalized minor actinide destruction rate.

The fraction of residual TRU in the spent fuel, not including thorium chain nuclides, is shown
in Figure 42. The data plotted in Figure 42 suggests that the reference pin cell geometry is not
effective for TRU destruction. Higher initial TRU loadings are preferable as they result in deeper
TRU burnout for the H/HM ratios close to the reference. However, this difference vanishes as the
H/HM ratio approaches 10. The maximum theoretically achievable degree of TRU burnout is
about 50% of the initial loading at a H/HM ratio of about 11.
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Figure42. Resdual fraction of TRU (no thorium chain nuclides).

41



1.2.2.5. Resultsand Discussion - Evaluation of Reactivity Coefficients

The results of the analysis presented above suggest that higher than reference H/HM ratios
are preferable for effective plutonium destruction. Therefore, the reactivity coefficients were
evaluated at H/HM values ranging from the reference PWR fuel pin cell to reference + 40%
H/HM. All the reactivity coefficients were calculated on the basis of a pin cell geometry. The
actual core average reactivity coefficients would be somewhat different as a core is composed of
fuel assemblies with different accumulated burnup. The pin cell based calculations, however, can
be used for comparison of different fuel designs with different compositions and H/HM ratios
against areference UO, fuel evaluated on the same basis.

Selected results of the reactivity coefficient calculations, as well as the soluble boron worth
caculations are summarized in Table 21. All the fuel compositions presented in Table 21
correspond to the 18 months cycle length currently widely used by the nuclear industry. All the
coefficients were evaluated assuming 1000, 500, and O ppm of soluble boron concentration in the
coolant at beginning, middle, and end-of - life respectively in order to smulate close-to-redlistic
PWR operating conditions.

Table 21. Reactivity coefficients. selected results.

DOPLER COEFFICIENT, pcm/K
Case o Reference H/HM Reference + 40% H/HM
Description BOL MOL EOL BOL MOL EOL
6 Pu-Th den. -4.32 -4.65 -5.04 -343 -3.78 -4.22
9 Pu-MA-Th den. -2.98 -3.02 -3.15 -2.63 -2.80 -3.02
12 | MOX -2.92 -3.09 -3.20 -2.36 -2.57 -2.70
13 | All-U -2.20 -2.93 -3.33 -1.82 -231 -2.75
MODERATOR TEMPERATURE COEFFICIENT, pcm/K
6 Pu-Th den. -49.05 -58.68 -73.47 -38.91 -50.40 -66.73
9 Pu-MA-Th den. -18.53 -17.69 -23.40 -29.57 -33.17 -44.86
12 | MOX -40.63 -54.65 -73.78 -32.37 -46.92 -66.39
13 | All-U -22.17 -51.62 -77.79 -2.21 -26.00 -50.07
VOID COEFFICIENT, pcm/%void
6 Pu-Th den. -128.0 -156.8 -198.3 -104.8 -142.9 -190.4
9 Pu-MA-Th den. -42.8 -41.4 -51.7 -70.8 -85.3 -115.8
12 | MOX -104.8 -145.3 -200.7 -86.0 -130.8 -190.8
13 | All-U -62.5 -145.7 -228.0 -10.8 -83.5 -164.8
SOLUBLE BORON WORTH, pcm/ppm
6 Pu-Th den. -1.95 -2.28 -3.02 -2.82 -3.60 -5.15
9 Pu-MA-Th den. -1.05 -1.03 -1.24 -1.73 -1.90 -2.24
12 | MOX -1.96 -2.37 -2.76 -2.88 -3.70 -4.85
13 | All-U -4.80 -5.22 -6.23 -6.65 -8.15 -11.90

The MOX fuel provides a somewhat stronger Doppler fuel temperature reactivity feedback
(DC) than the all-uranium fuel, while the plutonium-thorium fuel has a more negative DC than
the MOX and al-uranium fuel. Weltter lattices yield dightly less negative DCs than the
reference, nevertheless, the plutonium-thorium fuel in a wetter lattice has still a more negative
DC than the reference al-uranium fuel. A strongly negative DC is beneficia for transients
associated with fuel temperature increases as t provides stronger negative reactivity feedback,
however it results in larger reactivity insertion in startup and shutdown scenarios. A stronger DC
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may also be a disadvantage in the reactor’s response to sudden cool-down scenarios, such as a
steam generator depressurization event.

The calculated moderator temperature and void coefficients (MTC and VC respectively) for
thorium-based fuels are negative and exhibit smaller variations with burnup than the all-uranium
and MOX fuel. The absolute values of the MTC and VC of the plutonium-thorium cases are
close to those observed for the typical MOX fuel while P-MA-Th fuels have MTC and VC
values close to those of the all-uranim case. The calculated values of the MTC and VC are
consistent with those previously reported by Lombardi et al. [1999] and Gruppelaar et a. [2000].
The effect of the increased H/HM ratio is not particularly significant for the thorium-based cases.
All the reactivity coefficients stay negative over the entire investigated range of H/HM values.

Table 22 shows an example of the beginning-of-life reactivity control requirements and
soluble boron worth for a number of calculated cases. The beginning-of - life whole core excess
reactivity was estimated assuming a 3 batch core with linear burnup-reactivity dependence for
each batch. 3% of the ?? was allowed for leakage. No burnable poisons were considered. The
soluble boron worth of the partialy burned batches was assumed to be equal to the fresh batch
soluble boron worth, which is a conservative assumption since soluble boron worth, generally,
increases with the burnup.

Table22. Soluble boron requirementsfor reactivity control at beginning-of-life.

Reference H/HM
_ k-infinit CoreAverage | SolubleBoron
Case | Description (BOL),y Reactivityg worth | PP ”‘ied?d
Pin cell (BOL), pcm pcm/ppm o contro
5 Pu-Th den. 1.119 4008 -241 1699
6 Pu-Th den. 1.146 5183 -1.95 2664
7 Pu-Th den. 1.170 6136 -1.66 3703
8 Pu-Th den. 1.216 7849 -1.24 6322
9 Pu-MA-Th den. 1.062 1533 -1.05 1456
10 Pu-MA-Th den. 1.078 2281 -0.97 2358
11 Pu-MA-Th den. 1.109 3672 -0.81 4525
12 MOX 1.206 7473 -1.96 3804
13 All-U 1.380 12953 -4.80 2698
Reference + 40% H/HM
5 Pu-Th den. 1.195 7092 -341 2080
6 Pu-Th den. 1.216 7858 -2.82 2788
7 Pu-Th den. 1235 8501 -242 3512
8 Pu-Th den. 1.269 9631 -1.92 5022
9 Pu-MA-Th den. 1.100 3289 -1.73 1903
10 Pu-MA-Th den. 1111 3765 -1.62 2320
11 Pu-MA-Th den. 1133 4680 -141 3324
12 MOX 1.275 9829 -2.88 3415
13 All-U 1.440 14528 -6.65 2185

Although the plutonium-thorium and Pu-MA-Th fuels require a much smaller initial excess
reactivity for control, the soluble boron worth is much smaller than that of the al-uranium fuel.
As a result, the soluble boron concentrations required to control the initial excess reactivity are
comparable to the all-uranium fuel and in some cases considerably higher. Increasing the loading
of the TRUs in the thorium based fuels leads to a harder neutron spectra and, therefore, lower
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soluble boron worth. Higher than reference H/HM ratios increase the neutron moderation and, as
aresult, increases the soluble boron worth. 1n general, the relatively hard neutron spectrum in all
TRU containing fuels necessitates that special attention be devoted to the design of the reactor
control. Utilization of enriched boron or gadolinium in the control rods or as a burnable poison
might be necessary to satisfy reactor safety criteria for some thorium-TRU fuel designs.

The prompt neutron lifetime and the effective delayed neutron fractions for the plutonium-

thorium and plutonium-thorium-minor actinide fuel are presented in Tables 23 and 24 along with
values for the al-uranium and MOX fuel.

Table 23. Prompt neutron lifetime (sec).

H/HM Ratio

Reference Reference + 20%
Case BOL MOL EOL BOL MOL EOL
1 (Pu-—unden.) 6.00E-06 | 6.58E-06 | 7.46E-06 | 6.01E-06 | 6.85E-06 | 8.06E-06
2 (Pu—unden.) 4.78E-06 | 5.64E-06 | 7.15E-06 | 4.85E-06 | 6.06E-06 | 8.18E-06
3 (Pu—unden.) 3.96E-06 | 4.81E-06 | 6.41E-06 | 4.07E-06 | 5.23E-06 | 7.47E-06
4 (Pu—unden.) 295E-06 | 3.81E-06 | 551E-06 | 3.09E-06 | 4.23E-06 | 6.58E-06
9 (Pu-MA-den) | 241 E-06 | 238E-06 | 245E-06 | 271 E-06 | 277 E-06 | 3.04 E-06
10 (Pu-MA-den.) | 219E-06 | 220E-06 | 235E-06 | 249E-06 | 257 E-06 | 2.91 E-06
11 (Pu-MA-den.) | 1.84E-06 | 1.90E-06 | 218 E-06 | 213 E-06 | 227 E-06 | 2.69 E-06
12 (All-U) 126E-05 | 1.37E-05 | 167E-05 | 1.25E-05 | 1.46E-05 | 1.95E-05
13 (MOX) 486E-06 | 5.82E-06 | 7.17E-06 | 4.97E-06 | 6.22E-06 | 8.09E-06

Table 24. Effective delayed-neutron yield (Rg) = 10°.
H/HM Ratio
Reference Reference + 20%

Case BOL MOL EOL BOL MOL EOL
1 (Pu-—unden.) 2.98 2.76 2.46 2.99 2.84 242
2 (Pu—unden.) 3.00 281 2.39 3.00 2.89 2.36
3 (Pu—unden.) 301 277 241 3.01 2.88 244
4 (Pu-unden.) 3.02 274 241 3.02 2.86 2.45
5 (Pu—den.) 314 3.07 2.85 313 301 281
6 (Pu—den) 314 2.96 2.75 313 3.01 2.76
7 (Pu—den.) 3.15 2.95 271 314 2.98 2.76
8 (Pu—den) 3.15 2.89 2.62 314 2.95 2.70
9 (Pu-MA-den.) 2.63 257 253 2.69 2.65 2.63
10 (Pu-MA-den.) 2.66 2.58 251 2.68 2.63 2.60
11 (Pu-MA-den.) 2.62 250 243 2.65 2.58 255
12 (All-V) 7.23 5.49 4.80 7.20 5.54 481
13 (MOX) 4.01 4.10 4.15 392 4.06 4.15
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The prompt neutron lifetime for al the plutonium-thorium, Pu-Th-MA, and MOX cases is
significantly smaller than that of all-uranium fuel (Table 23). It decreases with increasing
plutonium loading (depicted by increasing case number for the Pu-unden fuels) and with the
addition of minor actinides, as a result of spectrum hardening. The cases more heavily loaded
with plutonium and those containing minor actinides have prompt neutron lifetimes smaller than
the MOX fuel, but this parameter is not of high importance. More importantly, the effective
delayed neutron fractions of the plutonium-thorium fuel are smaller than the values for the al-
uranium fuel by about a factor of two, and smaller than the MOX fuel values at end-of-life by
more than 1.5 (Table 24). A smaler by is a major challenge for the cores fully loaded with
thorium-plutonium fuel and the feasibility of reactor controllability under such a low bg; is
guestionable. For example, it is noted that fast reactors with plutonium fuel, such as the IFR,
have a b of 0.0035. Thisis appreciably higher than some end-of - life values for the plutonium-
thorium fuel, where the lowest value is 0.0024. Moreover, a small reactivity worth of the control
materials and low by values in the plutonium-thorium containing PWR cores may lead to much
higher reactivity in dollars vested in control rods and soluble boron in comparison with
conventional UO, and MOX cores. A smaler effective delayed neutron fraction is the
conseguence of the smaller delayed neutron yield of the Pu-239 and U-233 in comparison to that
of the U-235 and a smaller fast fission contribution from the Th-232, which has a higher delayed
neutron yield than the U-238. Denatured plutonium-thorium fuels (Cases 5 through 9 in Table
24) have dightly more favorable b values than the un-denatured plutonium-thorium fuels
(Cases 1 through 4 in Table 24) because of the contribution from the U-238.

The prompt neutron lifetime values of al the plutonium-thorium cases with minor actinides
indicate significantly faster reactor kinetics in comparison with the al-uranium, MOX, and even
with the plutonium-thorium cases. More importantly, the effective delayed neutron yield is
below 0.003 for all calculated Pu-Th-MA compositions. As a result, the feasbility of a PWR
core with 100% loading of thorium based fuel assemblies containing plutonium and minor
actinides is rather uncertain.

1.2.2.6. Summary and Conclusions

In this part of the work, we established the potentia limits for the efficiency of plutonium and
minor actinide destruction in thorium based fuels in PWRs. We primarily focused on two
performance indexes: the rate of TRU destruction and residual fraction of TRU relative to initial
TRU loading. The results of the study showed that thorium based fuel designs can be effectively
used to reduce existing stockpiles of TRU in PWRs and, theoreticaly, can be part of a sustainable
closed fuel cycle system with zero net generation of TRUS.

The reasonably achievable rate of TRU destruction in thorium based fuel is about 1000 kg of
TRU destroyed per 1 GWeY ear, while up to 50% of the initially loaded TRU can, theoretically,
be destroyed per path.

Denaturing of the generated U-233 with natural uranium degrades the efficiency of the
plutonium destruction. However, denaturing is required only for the once-through fuel cycle. In
that case, denaturing reduces the plutonium destruction rates by approximately 20%. The
difference in the destruction rate and the residual plutonium fraction between the denatured and
un-denatured cases decreases for wetter than reference |attices.
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The calculated reactivity coefficients and their comparison with MOX and al-uranium fuel
indicate the potential feasibility of thorium-based fuels for transmutation of TRU in PWRs.
However, the considerably smaller effective delayed neutron fraction in comparison with the
MOX and all-uranium fuel is likely to impose a significant limitation on the feasibility of a PWR
core with 100% loading of thorium-based fuel assemblies containing plutonium and minor
actinides.

Somewhat wetter fuel lattices than present PWRs are more favorable from the TRU
destruction efficiency and reactivity control perspectives. Plutonium and minor actinide
containing thorium-based fuels have a significantly harder neutron spectra than for typica all-
uranium fuel, which reduces the control material worth and imposes additional requirements on
the design of the reactor control features.

In general, the plutonium and minor actinide transmutation option in thorium-based fuels is
more challenging to implement than the plutonium-thorium option due to a rather low delayed
neutron fraction in PWR cores with 100% loading of TRU containing assemblies. However, the
option of using P-MA-Th fuel in combination with conventional all-uranium fuel as a part of a
sustainable PWR fud cycle, with complete recycling and transmutation of TRU, appear feasible
and worthy of further examination. In the future, other strategies for improving the actinide
burning efficiency and (% values should be explored. In addition, non-fertile fuel matrixes
should be evaluated and compared to thorium based designs, MOX fuels, and conventional all-
urnaium fuel.
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Task 2. Fuel-Manufacturing Costs

This task will determine if the current nuclear fuel fabricatorsin the US have the capability to
manufacture ThO,-UQ, fuel economically. The task was organized into three major activities:

1. An engineering study of the feasibility of producing the thorium/uranium fuel in current
nuclear fuel production facilities.

2. An€ffort to estimate the cost of fabricating ThO,/UO, oxide fud.

3. A developmental effort to make fuel pellets with appropriate densities and to use this
material to determine fundamental heat transfer properties to use in the modeling efforts.

The Westinghouse Electric Co. has completed the first two tasks and the results were reported in
the 7" and 8" Quarterly Progress Reports of this NERI project. Purdue University has been
evaluating the fabrication issues associated with co-precipitation of the powder and with pressing,
sintering, and grinding ThO,-UO, fue pdlets.

Task 2 Progress— Purdue

Professor Alvin Solomon and Dr. V. Chandramouli

2.1. Pellet Fabrication

2.1.1. Mixturesof Commercial DUO, and ThO, powders

Commercial samples of urania (provided courtesy of Siemens Corp.) and thoria (purchased
from Rhodia Corp.) were selected for the initial fabrication runs to evaluate our processing
procedures and study some of the processing variables. The purity of the starting oxide materials
was extensively measured and reported in previous progress reports. The 99.98% pure ThO,
appeared to be of “nuclear grade’ but some of the rare earth impurities were not quantified by the
ANL Analytical Chemistry Laboratory. For co-precipitation, we began with thorium nitrate that
was only available in 99.8 % purity.

It was established that the sintering temperature and time as well as specimen composition
and binder al played significant roles in controlling the desired high sintered densities in urania-
thoria compacts, as shown in Table 25. The 30/70 mixture has been especially problematic in
achieving the desired density. In order to optimize the sintering time, further sintering runs were
carried out in this quarter. The new results are included in Table 1 (Run 8). For Run 8, the
results of two sintering runs are averaged since the final densities varied only +0.2%. Comparing
Run 3 and Run 8, 10 hours sintering time at 1750°C in flowing Ar-5%H, appears to be adequate
to achieve the target density. The processing methodology used for those runs includes (1) a ball-
milling process with high precison WC balls of 9/16" diameter and 0.5 wt%PEG-8000 for 24h,
(2) a pelletizing methodology using a special WC-lined die and hardened punches, (3) a binder
burnout process at 500°C for 1 hin air,and (4) a particular sintering schedule with uniform ramps
of 5°C/min up to the sintering temperature, and the same ramp for cooling.
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Table 25. Sintered densitiesfor mixed commer cial oxides

Sinter | Sample | Condition Green Sintering Sintering | % T.D
Run density | temperature | density
(g/cc) and time (g/ce)
°C)/h

1 U3Th70, | Milled 8h with 1 w/o PEG- | 6.73 1750/10h 9.29 90.4
12000

2 : Milled 8h with 0.5 w/o | 6.67 1750/10h 9.29 90.4
PEG-12000

3 : Milled 24h with 0.5 w/o | 6.69 1750 /24h 9.79 95.2
PEG —8000

4 UsThsO, | Milled 24h with 0.5 w/o | 6.63 1650/5h 9.07 86.6
PEG —8000

5 U3Th;0, | Milled 24h with 0.5 w/o | 6.37 1650/5h 9.17 89.2
PEG —8000

6 UsThsO, | Milled 24h with Iw/o PVA | 6.40 1750/10h 9.9 94.4

7 ThO;, Milled 24h with 1 w/o PVA | 6.43 1750/10h 9.28 92.8

8 UsThsO, | Milled 24h with 0.5 w/o | 62.8 1750/10h 10.04 95.8
PEG —8000

U3Th;0, | Milled 24h with 0.5 w/o| 65.5 1750/10h 9.76 94.95

PEG —8000

2.1.2. Co-Precipitated Powders-Dry Milling

In the previous quarter, the reverse-strike method of co-precipitating a 30 w/o uranium and 70
w/o thorium mixture was modified so as to have a more uniform, fine, and controlled introduction
of the nitrates into the large excess of ammonium hydroxide solution. This was done using a
peristatic pump and forcing the solution through a fine nozzle a a rate of 5 drops per sec. The
precipitate thus obtained was filtered, washed, and de-agglomerated by sonication in ethyl alcohol
and air-dried for 24 hours at 200°C. The dried precipitate was finally crushed using a mortar and
pestle. The powders were then calcined at 700°C for 5h in a reducing atmosphere of argon-0.5%
hydrogen to obtain oxide powders of near stoichiometric composition. The resultant powder was
found to have a fine particle size (~0.2 nm) and high surface area (12 nf/gm). However, the
powders were also found to be highly agglomerated when examined by SEM and laser scattering
(see below). When the dry milled powder was pelletized in the usual way, the green density was
low, suggesting that the agglomerates were not broken up in pressing. The results are listed in
Table 26. After sintering up to 1750°C for 5h, the immersion densities were significantly less
than those obtained using the commercial powders. (It should be noted that these densities are
somewhat lower than those previously reported for the same specimens because the
measurements have now been corrected for open porosity.)

In order to explore whether increasing the sintering time would significantly increase the

sintered density, a sintering run was carried out in this quarter and the resultant density was even
lower, as shown in Table 26 (Run number 7).
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Table 26. Sintered densities of (UsTh;)O, obtained from co-precipitated powder

No. | Precipitation Green dengity, | Sintering temperature | Immersion
M ethod g/cc and time (°C) / h Density, %

1 Direct strike 4.65 1650/ 5h 86.0

2 Reverse strike 452 1700/ 5h 89.1

3 Reverse strike © 5.15 1700/ 5h 83.7

4 Reverse strike 5.3 1700/ 5h 89.6

5 Reverse strike 5.52 1700/ 5h 85.8

6 Reverse strike 5.53 1750/ 5h 87.7

7 Reverse strike 6.07 1750/10h 814

*As-cacined. © Manual addition & blended with PVA and stearic acid. ° Addition of the nitrates
using a squeeze bottle, and the calcined powder blended with PVA and stearic acid using WC
balls. * Addition of the nitrates using a peristaltic pump and as-calcined.

Therefore effort was directed to breaking up the agglomerates and pelletizing and sintering in
such a way that they do not reform during dry handling. Moreover, examination of the
microstructures of the sintered co-precipitated powders revealed the key reason for the especialy
low sintered densities seen in Table 26. The sintered structures obtained with the previous
standard processing _ _ R . R
techniques produced very ety g o W7 o
large pores in a relatively T s S R T :
dense matrix as shown in
Figure 43. Therefore the
focus was to prevent the
formation of such large
heterogeneities in  the
microstructure. Our
immediate reaction was that
some gas forming species
like poreformers were
producing these large holes.
But since care was taken to
burn out the binders at low
temperatures, and no pore
formers were intentionally
added, we focused on e BB ke d i T
breaking up the  RBiE oo SEgR
agglomerates, without much : ol i g e ey sl
success when following the Figure43. Largeporesin co-precipitated dry milled
dry route. urania/thoria powders.

2.1.3. Co-Precipitated Powders- WDP Powder Processing Route

We had learned from our wet processing studies for producing U,ThO, microspheres,
[Solomon et a. 2002, Kuchibhotla and Solomon 2002] that uniform, concentrated and stable
slurries could be obtained by controlling the zeta potential of the slurries by pH adjustment.
Further, the use of certain new organics as binders in wet processing provided stearic constraints
to forming hard Van der Waals bonds between the particles. Such durries of the mixed oxide
powders were found in the particle size anayzer to remain fine and suspended.
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We therefore conjectured that a wet-milling step with the co-precipitated powders might
produce the same excellent suspensions that might, with the presence of the organics, keep the
particles isolated or un-agglomerated after drying. Finaly, the wet milling step provides the
opportunity of pressing a dightly moist powder that would flow during compaction. We cdl this
the wet/dry process or “WDP’ and WDP powder.

Therefore, the following processing procedures and relevant characterizations were carried
out on co-precipitated powders that incorporated a wet-milling step:

Slurry preparation. A durry was first prepared with 35 vol.% of the calcined co-
precipitated 30/70 powder in de-ionized water. Then 0.5 vol.% triethanolamine or “TEA”, and
0.5 vol.% of 3aminopropyl triethoxysilane or “silane’” were added, and the pH of the Slurry
adjusted to 3 by adding concentrated HCI. The durry appeared to be more viscous compared to
similar durries of the mixed commercia oxides, probably due to the increased surface area of the
co-precipitated powders.

The durry was then ball milled using WC balls for 24 hours. After ball milling, the durry
was poured into a Petri dish and dried in air for 6 hours. The dried powder “flakes’ were then
ground well using a pestle (Powder A).

Particle size distributions. The WDP powder was anayzed for particle size distribution as
shown in Figures 44 to 47 (designated as ‘wet milling’ in the figures). For comparison, the
results for dry milled powder are also shown. Both powders originated from the same batch of
co-precipitated powder (reverse strike) of the ammonium diuranate and thorium hydroxide to
produce after calcination at 700°C, a 70/30 thoria/urania mixture. The size distributions of the
oxide particles were measured by dispersing the powder in distilled water and performing laser
scattering measurements with the Coulter LS230.
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Figure44. Initial particlesizedistribution of wet | Figure 45. Particle size distribution of the wet
and dry milled coprecipitated powers at a re-| and dry milled coprecipitated powers at a
circulating pump speed of “50" showing the| speed of 70 showing the WDP powder is
improvement in agglomer ate dispersal. beginning to agglomerate in the sampling cell
at pH =7.
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Figure46. Particle sizedistribution of the wet and Figure47. Particlesizedistribution of
dry milled coprecipitated powers Thedurry was coprecipitated powers. The durry was sonicated
sonicated (time: 2 min. and amplification: 20). (time: 4 min. and amplification: 40). The
Agglomeration occursin spite of the sonication. agglomer ation of the wet-milled powder was
very near to that of the dry-milled powder.

The distributions shown are on a “volume’ basis at different pump speeds with or without
concurrent “sonication” (using a low energy ultrasonic horn). As previously observed, as
agitation of the durry increases, the agglomerates in the dry milled powder are broken up.
However, for the WDP powder, as agitation of the durry increases, the particles tend to re-
agglomerate. This is expected in neutral solutions where the zeta potentias are near zero (the
isoelectric point). However, before this process occurs, the improvement in the particle size
distributions for the WDP powder is dramatic, Figure 44.

Pelletizing. The WDP powder was pressed into disks using at the usua 3 ton force and 30s
hold time. Disk geometry was selected for subsequent thermal property measurements. Normal
pellet geometry would be expected to have dightly lower densities. The green densities of the
disks are listed in Tables 27 and 28. The first striking result was the uniformly high green
densities. The green pellets were aso very uniform in geometry with no breakage at the ends, as
shown in Figure 48. These were clearly the most uniform high green density pellets we have ever
produced with this fine co-precipitated powder.

Table 27. Densitiesand Por osities of a batch of pellets obtained from WDP Batch 1 sintered
at 1700°C for 10h.

Disk | Green Sintered | Immersion | % open | % Closed | Geom. % Geom.
No. | dendty (in | density density, porosity | porosity | Density Density
% TD) g/cc %TD g/cc
1 63.26 10.08 98.0 0.96 0.94 9.97 96.94
2 63.69 10.04 97.68 11 1.22 9.98 97.04
3 63.84 10.06 97.87 1.3 0.83 9.78 95.12
4 63.18 10.02 975 0.79 171 9.71 94.43
5 63.83 10.08 98.0 112 0.88 9.68 94.18
6 63.66 9.9 96.3 0.52 3.18 9.97 97.0
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Table 28. Densitiesand Por osities of a batch of pellets obtained from WDP Batch 2 sintered

at 1650°C for 10h.

Disk | Green Sintered Immersion | % Open| % Closed | Geom. % Geom.

No. | density (in | density density porosity | porosity | Density, Density
%TD) glcc %TD g/cc

1 64.25 10.07 97.87 0.10 2.04 9.97 97.25

2 63.43 10.11 98.24 0.32 1.43 9.98 98.23

Sintering. The pellets were loaded
into the Brew furnace and heated in a
flowing argon-5% hydrogen gas
mixture from room temperature to
500°C a a heating rate of 2°C per
minute. The temperature of the furnace
was maintained at 500°C for one hour
in order to remove the organic
materials in the compacts. This was
different than our previous separate
binder burnout gep done in a separate
furnace because of the different binders
used.

After the remova of the organic
materials, the temperature of the
furnace was raised from 500°C to
1750°C at a rate of 5C per minute.
The furnace was maintained at that
temperature for a period of 10 hours
and then cooled to room temperature at
arate of 5°C per minute. The sintered
pellets are shown in Figure 49, which
agan shows the uniformity and
geometric perfection of these wet-
milled pellets.

X-ray analysis. The X-ray
diffraction pattern of the sintered
urania-thoria obtained by the above
process is shown in Figure 50. A
standard XRD pattern for (Ug3Thy7)O;
is aso shown in the figure for the
purpose of comparison. The formation
of the solid solution is thus confirmed.

Density measurements. The

Figure 48. Pressed green disk of co-precipitated
powder produced by the WDP route. The green
pellet has a density of 63.6 % TD.

Figure49. Sintered samplesof WPD co-

precipitated powders.

sintered densities of the wet-milled powder pellets were measured by liquid immersion using
ethyl alcohol. The geometric densities of the green and sintered pellets were also measured. The
results of these measurements are also listed in Tables 27 and 28. Vegard's Law was used to
calculate the theoretical density of the U, Th O, mixtures.
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It is seen that the green
densities are uniformly high at
63.5%, and the immersion densities 10000 -
of the sintered specimens are aso
unifoomly high a 97-98% TD.

Therefore, the wet-milling process . er

converts the difficult-to-sinter co- ‘§

precipitated pellets using dry g 6000F

milling into pellets of uniform \E - Eon.aT ff‘m)oz ')ffom Cdde mbdire
geometry, high density, and nearly & so00| W™, o r]‘ erenlce

perfect form.  The high densites & | | A m

actualy offer the possibility of

reducing the sintering temperature 20001 (U, 3T, )O, - from coppt.
and/or time. Therefore, a second - ’\ “ h I Il

batch was run at 1650°C/10h as 0 e

shown in Table 28, but the sintered T R R T S S S

densities were till high for these 0O 20 4 6 8 10 120 140 160
disks. 2theta

Figure 50. XRD patterns of sintered urania-thoria

Re-sintering. The high showing that complete solid solutions are formed.

sinterability of the WDP powder
raised the question of stability in service. Therefore a re-sintering run was carried with the
sintered discs. It was found that the high density disks did not sinter but rather swelled during re-
sintering and showed some evidence of macroscopic bubble growth and gas release. This was
attributed to the dow reaction of the elemental carbon with hydrogen in the sintering atmosphere
after pore closure. Hence, the binder removal time during sintering was lengthened from 1 to 8h,
and the temperature at which this is carried out was increased from 500 to 1000°C. With these
changes, the discs were found to be dimensionally stable. The stability is especially important for
the thermal property measurements at very high temperatures.

2.2. Microstructural Examination

The setup of the facility, procedures to examine the microstructures of the U, ThO, specimens,
and the results of the examinations are described in this section. Because of the differences in
pressing and sintering behavior between the specimens made using commercial oxide powders
(“mixed oxides’) and the co-precipitated powders made at Purdue University, comparisons were
made between the processing conditions and microstructures to help explain the differences.

Because of the low DAC' s for thoria, a new hood system shown in Figure 51 wasinstalled. A
Buehler Minimet System was used for grinding and polishing, with the self-contained polishing
cups seen in Figure 51. The hood ventilation system was ducted to our HEPA -filtered radioactive
hood.

2.2.1. Mounting, Polishing, and Etching Procedures

Since sintered (U/Th)O, is avery hard ceramic, the mounting material also had to be hard to
minimize “rounding” of the specimen during polishing. We chose the cold mount “Epoxicure”
made by Buehler as the best castable and dissolvable material, but it still required casting three
specimens in a single rubber mold to minimize rounding during polishing. Dissolution of the
mount was necessary if subsequent thermal etching is performed after polishing (see below).
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Alternatively, heating the mount to ~120°C in air rendered it brittle, and the specimens could be
removed by breaking the mounting material.

Wet grinding was initially done
successively with 320, 400, and 600 grit
SIC papers, followed by polishing
through 1-micron diamond. To prevent
surface fracturing we reduced the load q
in the Buehler Minimet to ~1 pound and
ground more gently beginning with 320
or 400 grit only and increased the
grinding time. Ultrasonic cleaning was
performed between al grinding and
polishing steps. We verified that
sufficient grinding was achieved for
each step by examining the surface by
optical microscopy between steps.

Chemical etching of this very stable
compound was attempted first using
various etchants proposed by Buehler or
from published results [Ghosh et al.
1993]. Our initia etching attempts were
done a room temperature. We first
tried 30 parts phosphoric acid solution , x
to 1 part hydrofluoric acid solutionfor 1~ Figure 51. Dedicated fume hood for the
to 10 minutes following Ghosh et al. ceramographic preparation of U,ThO , specimens
[1993] without any visible attack. We  usingthe Buehler Minimet. The color-coded
then tried a 1 to 1 ratio of phosphoric  polishing bowls contain the different media and
and hydrofluoric acid solutions for the  polishing debris.
same amounts of time, but still no attack
was seen. Wefinaly tried a1 to 1 ratio of hydrofluoric and nitric acid, a very aggressive etchant
for a maximum of 5 minutes and one could observe an attack on the mounting material, but no
grain boundary attack.

iy

EE

Elevated temperature etching with a 50/50 mixture of HF and HNO; at 70 to 90°C yielded
some grain boundary etching, but only within pores where therma etching may adso have
occurred during prior sintering. On the other hand, the hot acids did effectively attack the
mounting material so that specimens could be removed for thermal etching. Fortunately, SEM
examination of the polished surfaces revealed that thermal etching could be successful in grain
Size measurements as described below.

2.2.2. Microstructural Observations

Because of the poor eectrica conductivity of these materials, they were coated with an Au
Pd alloy before SEM examination. A typical SEM micrograph of the 70/30 co-precipitated WDP
powder sintered at 1700°C/10h is shown in Figure 52 in the as-polished condition. As can be
seen, the porosity is fine (~2 to 3 um) and uniformly distributed. (The location of the porosity
with respect to the grain boundaries is discussed below). This can be compared with the
microstructure of the mixed commercia oxides sintered under the same conditions at a dightly
lower density of 95% in Figure 53. Although the microstructures appear somewhat similar, the
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coarser commercial powders lead to considerably coarser microstructures after undergoing the

same sintering cycle.

The dry bal-milled co
precipitated samples exhibited
strikingly different
microstructures  which  were
previoudy shown in low
magnification optical microscopy
in Figure 43. In this case, the
microstructure was characterized
by large stable pores in a dense
matrix. Although quantitative
image analysis has not been
done, it is clear that these large
pores dominate the density, and
ae the cause of the low
measured sintered density of
<90%TD. Examination of the
large  pores, shows an
accumulation of residua material
within the large pores that appear
to contain some debris that could
have derived from the low purity
thorium nitrate used as a starting
material, but this was never seen
in other co-precipitated material.

As mentioned above, thermal
etching was used because we
were not able to chemically etch
our samples. We had observed
that the grain boundaries in large
pores were nicely etched, so
thermal etching was performed
by removing the polished
specimens from their mounts as
described above, and annealing
them aong with other specimens
to be sintered at 1700°C for 10 h
in Argon-5%H,.

The results of the thermal
etching are shown in Figure 54
for the sintered WDP powders.
The grain size of this materia is
approximately 2 to 3um. The

WDP_run2_1200X
Figure52. SEM image of polished surface of co-
precipitated U3Th;0, powder processed using the new
WDP methodology to produce 97% TD specimens.

LWL EE L e A0
Pellet2_7 Mag = 360X

Figure 53. Scanning Electron Micrograph of polished
surface of Uy3Thy;0, sample from mixed commercial
oxide powderssintered at 1700°C for 10h to 95% TD

immersion density.

pores are preferentially located at the grain boundaries. Thus pore breakaway has not occurred,
and further sintering is possible, athough at the highest densities, the entrapped gas pressure will
eventually stop sintering. It is not known why the grain size is so small, but it may be due to the
highly sinterable powder packing and green density. Residual carbon may aso play arole.
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Additional annedling will be
performed for the thermal
diffusivity specimens to determine
the stability of the grain size.

The thermally etched specimen
from commercial mixed oxides is
shown in Figure 55. The grain size
for the mixed commercia powders
after our usual sintering at 1700°C
for 10h was ~7 pm.

Figure 56 shows the thermally-
etched co-precipitated powder
samples that were dry ball-milled.
For this dowly densifying material,
the grain size was ~9um.

1 i | v
WDP_run2_2000X
Figure 54. Thermally-etched specimen of (U3Th- )O,
produced from WDP co-precipitated powder and
sintered at 1700°C for 10h in flowing Ar-5%H,. Grain
boundary porosity is seen.

10 microns
Pellet2(etched)_3 Mag = 2000X
Figure55. Thermally-etched U3Th-O, mixed
commer cial oxide sample showing grain boundary
porosity and a grain size of ~10 microns.
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10 microns

Pelletd(etched) 3 Mag = 1800X

Figure 56. Polished and thermally-etched 30/70 co-precipitated powder processed using
dry-milling.
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Task 3. Fuel-Performance

This task is evaluating the thermal, mechanical, and chemica aspects of the behavior of
ThO,-UO, fuel rods during normal, off normal, and design basis accident conditions. The
behavior of the ThO,-UO, fuel will be compared with the current USNRC licensing standards
and with the behavior of UO, fuel rods under corresponding conditions. Uniformly mixed ThO,-
UO, fuel has somewhat different properties than UO, fuel. These differences include

Slightly higher decay heat,

Higher therma conductivity at low temperatures and lower thermal conductivity at high
temperatures,

Higher fission gas production per fission, but pssibly a lower rate of release of fission
gases,

Higher melting temperature, and

- Less plutonium buildup near the surface of the fuel pellet.
During normal operation, ThO,-UO, fuel will operate with somewhat lower fuel temperatures and
internal gas pressures than UO, fuel at corresponding powers and burnups. During an accident
such as a large break loss-of-coolant accident (LOCA), ThO,-UO, fue will have less stored
energy but adightly higher internal heat generation rate than UO, fuel a similar power levels.

Three U. S. organizations are involved in the evaluation of the performance of ThO,UO,
fuel: INEEL, MIT, and Purdue. The planned work involved additional ThO,-UO, material
property measurements, adding ThO,-UO, material properties to the MATPRO (INEEL 1996),
FRAPCON-3 (Bernaet al. 1997, Lanning et a. 1997aand 1997b), and SCDAP/RELAPS (INEEL
1998) computer codes, and then applying the revised codes to evauate the behavior of the ThO,-
UQO, fud. The activities to accomplish this task are summarized in Table 29 below.

Table29. Tasksfor evaluating the performance of ThO,-UO, fudl.

Responsible
Subtask Task Description Organizations

3.1 Fuel material property measurements Purdue

3.2 Develop material property correlations for ThO,-UO, fuel INEEL, Purdue

3.3 Update FRAPCON-3 code to define the input fraction of ThO, in the INEEL
fuel and call MATPRO functions appropriate for this type of fuel

3.4 Develop afission product release model for ThO,-UO; fuel INEEL, MIT

35 Extend SCDAP/RELAPS to define the input the fraction of ThO, in the INEEL
fuel and call MATPRO functions appropriate for this type of fuel

3.6 Evaluate behavior of ThG,-UO, fuel rods during normal operation INEEL, MIT
using the extended FRAPCON-3 code

3.7 Evaluate behavior of ThO,-UO, fuel rods during large break LOCASs INEEL
using the extended SCDAP/RELAP5 code

3.8 Evaluate innovative ThO,-UO, fuel designs MIT

Task 3.1 is significantly behind schedule and it does not appear that Purdue intends to make
any materia property measurements in support of this NERI project. Tasks 3.2 and 3.3 were
essentially completed during Year 1 of this NERI project. Tasks 3.4 through 3.7 were compl eted
for the homogeneous thoria-urania fuel during Year 2. Tasks 3.6, 3.7, and 3.8 were completed
during Year 3 for the various micro-heterogeneous fuels of interest.
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Progressat MIT on Subtask 3.4 Fuel Performance M odeling

for ThO,/UO-, Fuel
Y. Long, M. S. Kazimi, R. G. Ballinger, J. E. Meyer

The objective of this subtask is to develop fuel performance models for ThO,-UG, fud.
These models include a fission gas release model suitable for incorporation into the FRAPCON-3
fuel performance code and a Reactivity Initiated Accident (RIA) mode that will be used to
modify the transient fuel performance code FRAP-T6. Note that the term “Thoriafuel” will often
be used in the following text as a shorthand notation for mixed ThO,-UO, fud.

3.4.1. Summary of Achievements as of September 2001
3.4.1.1. Fisson GasReleasein Thoria Fuel

Fission gas release is an important factor in achieving satisfactory performance of fuel to high
burnups in LWRs. It determines the internal pressure rise within the fuel rods and excessive
fission gas release might lead to fuekcladding gap reopening at high burrup. Efforts are being
made to investigate the fission gas release from mixed thoria -urania fuels with newly developed
models for the appropriate thermal conductivity, thermal expansion, radia power distributions,
and fission gas yield fraction [Long et al. 2002]. Fission gas release predictions of the modified
FRAPCON code were compared to measured fission gas release data for mixed thoria -urania
fuels from the Light Water Breeder Reactor (LWBR) program. Sufficiently detailed information
is available in the open literature for only few test rods, which therefore became the basis for
validating our modeling efforts. Because the mechanisms of fission gas release in ThO,-UO, fuel
are expected to be essentialy
similar to that of UO, fuel, the %
general formulations of the 30 1]
existing fisson gas release o2 / !
models in FRAPCON-3 were 25 *

20 / 2

- - - - 75%Th02-25%U02

retained. However, the
diffuson  coefficient was
adjusted to a lower levd to
account for the smaller release
fraction in thoria fuel. The 0
modified version of / N
FRAPCON-3 predicted the 5 !
measured fisson gas release / L
data reasonably well. It also 0 . . == mperv .

predicted significantly lower 0 20 Buﬁ%up(MWd/kggm) 80 100

fission gas release from thoria-  Figure 57. Fission gas release from UO, fuel and thoria-

based compared with urania e fef for a 17x17 fuel design (LHGR=25kW/m).
fue a the same burnup as

shown in Figure 57.

Fission Gas Release (%)
[
(6}
~
~

3.4.2. Fuel Performance Under RIA Conditions

A significant amount of energy is rapidly deposited in the fuel during a Reactivity Initiated
Accident (RIA). The failure threshold of energy deposition is greatly reduced for fud rods
operated to very high burnup. There are severa factors contributing to the reduction of this
threshold: 1) the cladding becomes heavily oxidized, hydrided, and damaged by irradiation (thus
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degraded by loss in ductility; 2) pellet-cladding mechanical-interaction and/or transient induced
fisson gas release subjects the cladding to large forces; 3) degraded fud thermal conductivity
retains the energy in the fue leading to higher gas pressures, and 4) large porosity in the rim
region prevents heat transfer and abets gas release. The behavior of the high burnup fuel under
RIA conditions is being modeled based on observations from UO, tests, and extrapolated to ThO,
—UO, fuels through the use of FRAP-T6. To properly model the deformation behavior of
irradiated PWR fuels at RIA conditions for current high burnup application, efforts have been
made to account for thermal fuel expansion and the fission gas induced deformation.

3.4.2.1. Thermal Expansion During an RIA

The pellet-cladding mechanical interaction (PCMI) failures in the CABRI test reactor
(France) and in the NSRR test reactor (Japan) were mainly due to rapid fuel therma expansion
because most of the energy remained in the fuel pellet during the extremely small time scale of
the reactivity pulse [Meyer et a. 1997]. Right after the pulse, the fuel enthalpy addition can be
assumed close to the total energy deposited by the pulse. Therefore, the fuel thermal expansion
during an RIA can be well correlated to the energy deposition by simply combining the effect of
the heat capacity and thermal
expansion coefficient.  The 4.00
combined effect is shown in
Figure 58 for UO, and ThO, e Thoz
fud. The mixed ThO,-UG, I
fuel is expected to fall between
those two lines. With the same
amount of energy deposition,
thoria fuel will have a higher
fuel temperature due to the
lower heat capacity. However

this high temperature does not 0.50

necessarily lead to a larger 0.00

thermal expansion because_ of 0.00 200.00 40000  600.00  800.00  1000.00  1200.00
the lower thermal expansion Energy (J/g)
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coefficient of thoriafudl. With  Figure 58. Relation between the thermal expansion and the

the same amount of energy enthalpy deposited in the fudl.
deposition in the fuel and no
energy transfer out, the thoria fuel will have dightly lower thermal expansion.

It isto be noted that uniform radial power distribution is assumed in the above analysis. The
actual thermal expansion will be dightly different because more of the energy will be deposited
near the surface of the fuel pellet. Table 30 shows the effect of thermal expansion on the
cladding residual hoop strain. The thermal expansion has the largest contribution to fuel volume
change in the low energy deposition case. The calculated residua hoop strains for the 2 lowest
energy deposition cases, HBO2 and HBO4, are unreasonably low, which is due to a flaw in the
mechanical model used in FRAP-T6. This problem is addressed in the cladding failure modeling
work in the following section.

Table30. Thermal expansion contribution to the residual hoop strain in the cladding.

HBOO02 | HBO04| HBO03| HBOO6 | REPNa4 | REPNa5| REPNa3| REPNa2
Calculated Residual hoop strain| 0.00% | 0.00% | 0.88% | 0.97% | 0.72% 0.99% 1.13% 1.85%
Measured residual hoop strain | 0.41% | 0.20% | 1.51% | 1.11% | 0.37% 1.10% | 2.10% | 3.50%
Energy deposition (J/g) 213 280 397 430 405 480 522 877
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3.4.2.2. Fisson Gas Swelling Behavior During an RIA

Although the fuel thermal expansion was the main contributor to the PCMI failures in the
CABRI and NSRR tests, not taking into account the fuel swelling led to an unredlistic and
underestimated calculated cladding strain as shown in Table 31. Clear evidence of the
contribution of the fission-gas-induced swelling was demonstrated in the REP-Na-2 and REP-Na-
3 tests. Fuel thermal expansion aone is not sufficient to explain the measured cladding strains.
Fuel swelling occurred during the relatively low energy injection test REP-Na-3 only in the outer
zones where the energy addition level was the highest, and led to a barrel-type deformation. In
the high energy injection test REP-Na-2, fuel swelling occurred aso in the innermost zones and
led to an hourglass shape of the pellet, as observed on the cladding after the test.

Table 31. Swelling effect on residual hoop strain in the cladding.

REPNa4 | REPNa5 | REPNa3 | REPNa2
Residual hoop strain (Without swelling) 0.72% 0.99% 1.13% 1.85%
Residual hoop strain (Including swelling) 1.02% 1.68% 2.09% 3.17%
Measured residual hoop strain 0.37% 1.10% 2.10% 3.50%

Gaseous swelling has been investigated in our study using the GRASS model [Poeppel 1971],
which was initially incorporated in FRAP-T6 to calculate the fisson gas release. Although it was
not developed for gaseous swelling calculations, the GRASS model has the gas volume
infamation embedded in the calculations. This information can be used to caculate the
corresponding swelling. To use the modd, the initial state of the fission gas in the fud is needed
and unfortunately it is not available to us. An approximation was made by assuming a constant
irradiation power history before the power pulse to calculate the initial gas state. The calculated
residual hoop strain with the gas swelling effect is aso shown in Table 31. The calculated results
for the REPNa3 and REPNa2 tests are very close to the measured ones. However, the modified
FRAP-T6 over predicts the strain for the REPNa4 and REPNa&5 tests. The reason could be that
the GRASS model assumes the bubble pressure is always balanced by the hydrostatic pressure.
Thismay not be the case for fuel at low temperature because the fuel istoo strong to yield around
the bubble.

3.4.2.3. Cladding Behavior During an RIA

Two types of cladding failures were found in RIA simulation tests: cracking in the CABRI
and NSRR tests, and ballooning in fresh/low-burnup fuel and irradiated VVER fud rods in the
IGR/BIGR tests. A third type of failure, melting is not likely to happen in aredistic RIA event.

Cracking: As cladding oxidation takes places during normal operation, about 20% of the
hydrogen released from the reaction of the metal and water is absorbed in the Zircaloy cladding.
When the concentration of hydrogen reaches about 120ppm, it is no longer soluble and zirconium
hydride platelets precipitate out in the metal. These precipitates act as hardening centers along
with oxygen, tin, and other alloying congtituents. The hardness increases and the ductility
decreases with burnup. Because hesat flows through the cladding during normal operation of the
fuel, asmall temperature gradient is maintained across the cladding thickness (about 40°C). This
is sufficient to cause migration of the hydrogen toward the outer surface of the cladding as a
result of hydrogen’s tendency to move to cooler regions.

The residua hoop strain of the failed tubes in tube burst tests with artificially hydrided
samples decreased with an increase in hydrogen concentration, and became less than 1% for
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samples with hydride rims [Fuketa et a. 2000]. The cladding samples with accumulated hydrides
failed at relatively low pressures. Even at an elevated temperature of 620 K, the residual hoop
strain became less than 1% in samples with hydride rim thicker than 140 micrometers. These
results demonstrate the important role of the hydride rim in the process of PCMI failure of high
burnup PWR fuels.

The oxide layer on the outer surface supports a temperature gradient. Under certain
conditions, heavy oxide layers begin to flake off, or spall, leaving local areas of the cladding in
more intimate contact with the coolant. Those areas then run at cooler temperatures than average
for the cladding surface, and hydrides migrate preferentially to those locations. Thus, when oxide
spalling occurs, the underlying cladding will be very brittle in that region. Similar localized
regions of hydrogen concentration can occur if there are large gaps between pelletsin afuel rod.
High local hydride concentrations associated with spalling oxide are probably the reason that the
REP-Nal test rod failed with an unusually low enthalpy rise of 15 cal/g. This suggests that fuel
rods that have high concentrations of hydrogen and spalling oxide or pellet gaps will have little
resistance to PCM I failure during areactivity accident.

The ductility of the cladding changes with temperature. At 600°C the cladding mechanical
properties will be significantly degraded. Therefore, there is a significant risk of cladding
ballooning and subsequent cladding failure because of the local internal overpressure from the
transent fisson gas release [Waeckd et a. 2000]. The cladding brittle failure in CABRI and
NSRR tests may be partly due to an early failure before the cladding heated up.

Ballooning. Three types of VVER-type pressurized fuel rods were tested in the IGR reactor
under RIA conditions. (a) Fresh fuel rods; (b) Fuel rods with pre-irradiated cladding and fresh
fuel; and (c) High burnup VVER fuel rods. Ballooning was the failure mechanism for al the IGR
test rods [Asmolov et a. 1997]. The peak fuel enthalpies that corresponded to the lower
boundary of the failure threshold for the fresh and high burnup fuel rods were practically the
same and equal to 160cal/g fud. The fragmentation threshold of the high burnup fuel rods was
not reached in these tests in spite of the fact that the central part of the fuel in one of the fuel rods
became molten, a certain section of the cladding melted, and the cladding was oxidized up ©
10um. Some specific effects, that are characteristic of only high burnup fuel rod tests, were
observed: (a) formation of two ruptures in the fud cladding and (b) formation of large
longitudinal ruptures. It can be noted that the ductile failures of the VVER high burnup rods
(tested in IGR reactor) are in contrast to the brittle failures of the PWR high burnup rods tested in
the SPERT, NSRR, CABRI reactors. Presently, acommon understanding is that two factors may
be responsible for this difference: (1) the high level of ductility of the irradiated Zr-1%Nb
cladding of the VVER fudl; and (2) the much wider pulse duration of the IGR reactor.
Measurements of the mechanical properties of the VVER irradiated claddings have shown that
the yield stress and the ultimate strength of this cladding (at 60MWd/kgU) are higher than typical
of PWRs by about 20-30%. This preservation of high clad ductility is akey factor in preventing
PCMI failures of high burnup rods under RIA conditions.

Pulse irradiation tests of fresh fuel rods in the NSRR reveaed rapid cladding deformation
[Nakamura et al. 1996]. After the gap was closed, the cladding deformation was controlled by
the pellet deformation and was mostly elastic. Failures occurred under conditions where the
cladding reached its melting temperature at a peak fuel enthalpy of 887 Jg (212 cal/g) or higher.
Under this condition, the cladding became locally thinner due to loca melting. In addition,
significant cladding embrittlement occurred due to the oxidation, which led to the cladding
failure. When the rod internal pressure was higher than the system pressure by 0.6 MPa, cladding
burst occurred at a peak fuel enthalpy of 712 J/g (170 cal/g) and at cladding temperatures below
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the melting point. The fuel failure enthalpy decreased linearly as a function of the pressure
difference, down to 368 Jg a a rod internal /externa pressure difference of 4.4 MPa. For fresh
fuels, the cladding temperature was of primary importance for fuel rod failure. The gap closure
was important because it created a high thermal conductance at the pellet-to-cladding gap and
subsequent cladding temperature rise. However, PCMI was of secondary importance in terms of
failure of the fresh fuel rods.

Correction for Low Temperature Cladding Burst Stress. The calculated residua hoop strains
for four of the NSRR tests are listed in Table 32. The calculated residua hoop strains for the two
lowest energy deposition cases, HBO02 and HBOO04, are unreasonably low. The problem is due
to aflaw in the cladding mechanical model used in FRAP-T6. The material properties used in the
FRAP-T6 simulations are calculated by MATPRO-Ver.11 [Allison 1993]. However, as shown in
Figure 59, MATPRO predicts much higher burst stress in the low temperature range than
measured in either the burst tests or extrapolated from the fast tensile data [Fuketa et al. 2000,
Waecke et a. 2000, Allison 1993].

Table 32. Theeffect of yield stress correction on residual cladding hoop strain of HBO
tests.

HBOO02 | HBO04 | HBOO3 | HBO06
Residua hoop strain (original MATPRO moddl) 0.00% | 0.00% | 0.88% | 0.97%
Residua hoop strain (yield stress corrected) 0.3% | 061% | 0.87% | 0.95%

Measured residua hoop strain 041% | 0.20% | 1.51% | 1.11%

For low temperatures (<750K), the burst stress is proportional to the strength coefficient in

plastic stress-strain correlations:
sg =1.36K (@)

Where, sg = tangential component of true stress at burst (Pa)
K = the strength coefficient from the plastic stressstrain correlation s = Ke" 83(?3 Q 2
e [}
Where, s = true stress (Pa), e = true effective plastic strain (unit less), & = rate of change of true
effective plagtic strain (s%), K, n, m = parameters which describe the metallurgical state of the
cladding. To properly model

: 1600

H:)eogu;tsrtair%sjr?:; It(r)]\?/rgedr;?/l 1400 1 —— MATPRO Model - fully annealed ]
deposition RIAS, the strength \ Burst data -

coefficient his been adfusied to & 1200 et dennealed —
0.6 that of the origina value. S 1000 _ ]
The predicted burst stress for Py Tensile Test Data (S/s)

the fully annealed cladding is & ggg

shown in Figure 59. With this &

modification, the calculated © 600

HBOO2 and HBOO4 resdud @

hoop strains are closer to the 400

measured values, as shown in 200

Table 32. Itisto be noted that

the higher calculated residual 0 . . . . . .
hoop strain than the measured 270 570 870 1170 1470 1770 2070
value for HBOO4 is due to the Temperautre (K)

closed gap assumption. Fiaure59. Burst stressand fast tensile failure stress data.

63



3.4.2.4. Extrapolation to PWR Conditions

There are some limitations for the RIA simulation
tests because al the tests did not replicate the red LWR
conditions [ Schmitz and Papin 1999]:

The CABRI tests were done n sodium coolant with
low pressure.  Sodium cooling keeps the clad
temperatures low and the low interna pressure
mitigates the dynamic gas effect.

- The NSSR tests were done in a capsule with low
pressure and low temperature coolant and with a
narrow power pulse (~5ms). The cladding remained
during a significant time period below the brittle to
ductile transition temperature.

- The IGR tests were done a low pressure, low
temperature, and with a very wide

Table 33. Pulsewidthsfor LWRs
and test reactors[Meyer et al.

1996].
Reactor Pulse width
(ms)

NSRR 431t09.0
CABRI 9.5
PBF 11to 22
SPERT 13t0 31
IGR 630 to 850
LWRs 30to 75

power pulse (>500ms). 40000

- The fuel rods used in the FBF tests
were not fully representative of high
burnup PWR fudl rods.

35000 1

30000 -

—&— Narrow pulse (half width 4.4 ms)

—®— | WR pulse (half width 44 ms)

25000

AA‘AJA

Thus the fuel performance during an

RIA in a PWR could be different from the 20000

smulation tests. To properly model the 15000

differences, we used the MIT modified

Linear power (KW/m)

10000
FRAP-T6 code to ssmulate the behavior of + *

a high burnup fuel rod (78 MWd/kgU) e R

during an RIA. The HBO3 test was used 0
as the darting point to compose a case
with a pressurized-water environment.
The initial conditions of the HBO3 rod
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Figure 60. Pulse power history for test HBO3 and in

were adjusted to reproduce the state at aPWR.

end-of -life of the corresponding PWR rod

(full length fuel rod; coolant condition: ——UO2- LWR pulse

T=280°C, P=155MPa, and mass flux —— UO2 - narrow pulse
3600kg/nt-s). Since the pulse width in —%— T5%ThO2-25%U02 - LWR pulse

the HBO3 test was extremely small — only

4.4 ms, it was increased by a factor of 10
to 44 ms, which fals in the range of the

&
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pulse width for a regular PWR as shown
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in Table 33. To achieve the same amount
of energy deposited in the fuel, the linear

heat rate was reduced by a factor of 10 1200
correspondingly.  The two pulses are 1000
shown in Figure 60. 0
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Readius (mm)

Figure 61 shows the radia Figure6l. Maximum temperatureprofilesin the fuel
temperature profiles for both anarrow and ~ pellets subjected to different pulse conditions.

aregular PWR pulse, when the maximum

local fuel temperatures are reached. The rapid energy deposition plays the role of an envelopein
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the initial phase of the transient. The profile of the energy degposition is the same as the power
digtribution during steady state. The high power peaking in the rim region leads to a high
temperature in that area. However, a wider pulse with the same energy deposited will lead to a
much lower peak fuel temperature due to the heat transfer during the process of energy
deposition. The calculated peak temperature for the wider pulse case is amost 500 K lower than
the narrow pulse case. This definitely will reduce the gaseous swelling and grain boundary
separation in the rim region. The thoria fuel can further reduce the rim temperature due to its
somewhat flatter power distribution.

The cladding temperature at the time of failure initiation will affect the threshold for PCMI
failures, specifically; an increase in temperature will increase the materia’s fracture toughness.
Also, for partly ductile PCMI failures, such as in the NSSR specimen HBOL, an increase in
temperature will increase ductility hence accommodates more of the fuel pellet expansion. Thus
an increase in temperature would always appear to be beneficial. Figure 62 shows the histories of
cladding surface temperatures

and residual hoop strains for the 1000 0.008
two pulse cases for the UO, fuel. V AATIATIA —— e SN T
Although there is not much 900 _
difference in the fina residua « 4 V//EM—L' 0.006 £
hoop strain for the two cases, the @ 800 1 0005 o
narow pulse case reaches its 2 8
final value dmost g 0.004 5
instantaneoudly  while  the 5 —+— Temperature - narrow pulse |1 0.003 3

. [0
cladding temperature has barely "~ " | —=—Temperature- LWRpuise | 1 g 00n &
changed. The cladding of an 500 —&— Strain - narrow pulse |
ultra high burnup fuel would be ‘i [ —%— Strain - LWR pulse T 0.001
very brittle at this stage. The 400 " , : : : : : 0.000
strain in the rod subjected to a 000 005 010 015 020 025 030 035 040
regular LWR pulse takes alonger Time (s)

time to reach its fina value and  Figure 62. Cladding surface temperature and residual foop
the  cladding  temperature srain during RIAsin aLWR.
increases gradually during the

process.
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RIA smulation tests, thefuel ina 3 °°° | '
rel PWR will perform much £ /A/‘/H/‘—: [ 0006 <
better. The PWR cladding will 3 8% 10005 &
be subjeted to higher 5 QJ / / g
temperatures than the claddingin =~ ¢ 7% 0.004
most of the RIA simulation tests, £ {000z S
partly due to the differenceinthe @ 600 —— Temperature - ThO2-UO2 7] 2
temperature rise during the £ —+— Temperature - UO2 0002
transient. g 500 —#— Stain - ThO2-UO2 1 0.001

‘ —*— Strain - UO2

A smilar cdculation was 400 . . . 0.000
aso done for the 75%Th02- 0.00 0.10 0.20 0.30 0.40
25%U0O, fud subjected to a Time (s)

LWR pulse. A comparison of  Figure 63. Cladding surface temperature and residual hoop

the performance of the thoriaand g ain of thoria and UO, fuel following an LWR pulse.
UQO, fuel is shown in Figure 63.
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The thoria fuel cladding has alower temperature and smaller residual hoop strain. The reason for
the lower temperature is the lower power in the rim region of the fuel pellet. Because of this
lower temperature, the cladding has more strength and thus smaller residua hoop strain. It isto
be noted that the few steps in the residua hoop strain curve come from the cladding average
temperature drop, athough there is no drop in surface temperature.

3.4.3. Design and Operation Considerations

3.4.3.1. Introduction

New models for the rim effect, fission gas release, and fuel response to an RIA have been
developed under the present task as described earlier. The results of this work show that thoria
fue performs better than UO, fuel during both normal operation and transient conditions.
However, high burnup will ill present significant chalenges for burnup in the range 80-
100MWd/kgHM. To achieve satisfactory performance, advanced fuel designs need to be
developed, and care should be exercised in the power history of operating such fuel.

A set of criteria was proposed for acceptable performance that include limits on cladding
stress and strain, cladding fatigue, circumferential cladding buckling, cladding oxidation and
hydriding, cladding temperature, fretting wear, fuel rod bowing and growth, fuel maximum
temperature, and fuel rod internal pressure [Bailly et a. 1999]. The same set of issues was re-
evaluated for high burnup safety in [NEA, 2001]. Fuel element leaks during reactor operation
must be avoided to control the primary circuit contamination and prevent forced shutdowns.
Thus in PWRs, the probability for leaking rods must be maintained below about 10° per cycleto
be tolerated, which corresponds to a few defective rods at most per reactor cycle. Fuel elements
and assemblies must also have limited geometric strain, to avoid deteriorating the cooling
conditions, hindering the operation of the reactivity control systems (absorber materials), and
hindering or endangering the fuel loading and unloading operations.

3.4.3.2. Extrapolation of Current Fuel Designs

The thoria fuel concepts in this work are intended for use in PWRs with as little design
change as possible. The current PWR fuel design, but with the thoria fuel, will first be assessed
to determine its limitation for high burnup applications. The reference plant used for this study is
a sandard Westinghouse 4-loop 1150
MWe PWR. Within the US fleet of Table 34. Key reference reactor operating
reactors, there are 72 operating PWRs, and  parameters and fuel design features [Garcia-
27 of them are such Westinghouse 4loop  Delgado et al. 1998].

reactors. In addition, this class of PWRs Operating parameters Value
has a farly high power density (104.5 | Pressure (MPa) 1551
kW/L) when compared to other PWRs, and [ Core inlet temperature (°C) 292.7
thus represents a demanding apphcaﬂo_n. Coolant mass flux (Kg/nts) 3628
The key system parameters are presented in - "Core average linear heat rate 1829
Table 34, of particular note is that the fuel (KW/m)

rod cladding maeria is sandard Cladding materid Sd
Zircaloy-4.  The growth rate of the Zircaloy-4
corrosion layer for this materia is generally Cladding outer diameter (mm) 95
larger than that for modern PWR fuel Cladding thickness (mm) 057
dadding, such as low tin Zircaloy-4 or '
ZIRLO cladding. Rod pitch (mm) 126
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Figure 64 displays the relative
axial power shapes for a typica
PWR fuel rod as a function of its
cycle of operation. The

distributions reflect the expected s
results with use of burnable poison 3
for an operation cycle of about 18 2
months. To achieve higher burnup,
the cycle length was extended, but 2
the core average power was kept o
the same for this work.
0.4 -
A demanding situation of a 03 o 0"2 ol. 4 ofe 0'.8 1

constant pin average linear power Normalized Axial length

of 25 kW/m was assumed in  Figyre64. Reativeaxial power distribution.
assessing the fuel performance of

the current PWR fuel designs (a

fud pin with 25%U0,-75%ThO, D —— 1400
was considered). The cladding 140 //n/a—ﬁ—H—ﬂ—ﬁ—ﬁ—ﬁ\\ r 1200 =
corrosion and fisson gas release §120 ¥ 1000 g
were caculated using the fuel £ J/ E
performance code FRAPCON-3 g Y reo &
[Berna et a. 1997] with the § & /g/ e Oxide Thickness Lo E
modifications discussed in the £ e —&— H Concentration %
previous chapters. The predicted § 0 / T 40 2
oxide thickness of the Zircaoy-4 © | 3
cladding at end-of-life is very large 201 20 =
for 100MWd/kgu PWR fud as 0 0

o
S

shown in Figure 65 and beyond the 05 1 15 2 25 3 35
capability of the code. The Axid position (m)

cladding corroson model in  Figure 65. Maximum oxide thickness of Zry-4 cladding of a
FRAPCON-3 can only handle an rod irradiated at constant average linear heat generation
oxide thickness up to 150mm, rate of 25kW/m up to 100MWd/kgU.

which is why there is an apparent

cutoff at 150mm in Figure 65. This 5 45
large oxide thickness will lead to ——Intemnal Pressure 140
spdlation of the oxide.  The —=— Cumulative Fission Gas Release 1 35

calculated fission gas release and 130
System Pressure

N
o

=
&)}

rod internal pressure are shown in T

Figure 66. The fission-gas release

from the 75%U0,-25%ThO, fud 720

is around 40% at end-of-life and T

leads to a rod internal pressure 5 T 10

exceeding the system pressure. 1s
0

The above anaysis of the o o a0 s s 100 190
claddi ng_co[rrosi on and fis_si on gas Peak Fuel Burnup (MWd/kgHM)
release indicates that _satlsfactory Figure 66. Cumulative fisson-gas release and internal
fuel performance at high burnup  pressure for the current fuel design at constant power of
fud (up to 100MWdkgHM)  o5K\W/m.

Pressure (MPa)
5

Fission Gas Release (%)
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cannot be achieved using the current fuel designs. A new design, including new cladding
materials and operation strategy, have to be adopted to improve the fuel performance, especidly
the fission gas release and cladding corrosion.

3.4.3.3. Advanced Cladding Materials.

The low-alloyed zirconium-base alloys Zircaloy-2 and -4 were developed for fuel rod
cladding and for fuel assembly and other in-core structural components in the late 1950s and
early 1960. The technical progress in the field of the zirconium-based alloys for reactor use
together with the progress in the UO, fabrication area has driven discharge burnups to be
increased from initially about 10MWd/kgU (BWR) and 20MWd/kgU (PWR) to currently about
45 to 50 MWd/kgU. Within this wide range of burnup, zirconium-based alloys were able to
provide very good performance and are now exclusively used in LWRs. However, the increasing
demand for higher discharge burnup and longer cycle lengths has led to the need for higher
coolant lithium levels, reactor power up-ratings, and higher local power pesking factors.
Therefore, waterside corrosion of the cladding has become one of the limiting factorsin fuel rod
performance. Unfortunately, the existing fuel performance models and even the traditiona
cladding itself can not meet the requirement of the generd trend to higher fuel burnups and longer
resdence times. Extensive research on corrosion enhancement a high burnup has been
conducted recently at both industry and research institutes. LiOH and hydride effects have been
paid specid attention as affecting the mechanism of accelerated corrosion.

The cladding development has focused on reducing the corrosion and thus reducing the
hydrogen content of the cladding and maintaining appropriate mechanical properties at high
burnup levels. Because of the extended exposure of the cladding material to the core
environment, the fuel vendors are moving to advanced zirconium alloys with proprietary
compositions and processing techniques. In general, these advanced alloys are low in Sn and
high in Fe and Cr compared to the original Zircoly-2 and -4. The Zirconium/niobium aloys are
aso being evauated for their ability to maintain ductility a high burnup levels.
Zirconium/niobium alloys have long been recognized for their superior corrosion performance
and have been used in a wide variety of reactors. ZIRLO from Westinghouse [Westinghouse
1991], DUPLEX from Simmons [Sabol et al. 1994, Seibold et a. 2000] and M5 from Framatome
[Forat and Florentin 1999] represent the innovative claddings and they have been demonstrated to
have good in-pile performance. The M5 dloy, in the re-crystallized state for cladding tube
material, exhibits better results acquired up to 63 MWd/kgU, when compared to those obtained
with any low tin Zircaloy-4 alloy [Forat and Florentin 1999]:

The overall oxidation is reduced by afactor of 3 to 4,
The hydriding is reduced by afactor of 5-6,

The free growth is lowered by afactor of 2-3,

The irradiation creep is reduced by afactor of 2-3.

Corrosion of the fuel rod cladding leads to awall thickness reduction, and is limited by NRC
regulation to 10% for LWR fuel rods to comply with the mechanical stability requirements under
transient conditions [Groeschel and Hermann 1996]. For standard Zircaloy-4, three transitions in
high burnup fuel cladding corrosion have been identified and their mechanisms have been
proposed, based on extensive research. The first transition is stress and microstructure
transformation controlled. The second transition is due to high irradiation in the reactor. Current
high burnup transition investigations are more focused on lithium and hydride effects and several
hypotheses are available.
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Currently, FRAPCON-3 uses a two-stage corrosion model by Forsberg et a. (1995) for
standard Zircaloy-4. The oxidation proceeds via a cubic rate law until the transition thickness
(taken to be 2.0um) is accumulated. That is,

©_ s 5o qu/RT) ®

After trangition, the oxidation proceeds according to alinear rate law; that is,

$= CF)exp(- Q,/RT,) @

where,
dg/dt = Oxidation rate (um/day)
T, = temperature at oxide-to-metal interface (K)
R =1.98 cal/mal/ K
For Standard Zircaloy-4, A = 6.3 x 10° um®/day, Q, = 32,289 cal/mol, Q, = 27,354 cal/mol.

The factor for the post-transition corrasion in Equation (4) is a function of neutron flux F,
which captures the irradiation effect on the cladding corrosion:

C(F) =C, +U(MF )’ 5
Where,

F= fast neutron flux (E>1 MeV), n/(cnf's),

For Standard Zircaloy-4, Co = 8.04 x 10" um/day, U = 2.38 x 10° pmvday, M = 1.91 x 10°° cn'-
sec/n, and the superscript p = 0.24.

However, the oxide thickness did not show any irradiation or high burnup transition up to 64
MWad/kgU for M5 and 82 MWd/kgU for DX Zr1Nb cladding [Willse and Garner 2000, Seibold
et a. 2000]. The corrosion behavior of these two cladding materials shows less sensitivity to
temperature and exhibits less data scatter than Zircaoy-4. Oxide thickness data scatter is
indicative of a low sensitivity to irradiation conditions, including reactor power histories ad
differences in operating conditions from one plant to another.

Thus, in modeling the corrosion behavior of M5 and DX ZrlNb cladding, the neutron
fluence term C(?) of the podt-transition equation was removed to represent the relative
insengtivity to irradiation and the activation energy Q, was adjusted to a lower value due to the
low sengitivity to temperature. The pre-factor C(?) was adjusted accordingly by orders of
magnitude.

Since M5 and DX ZriNb are both zirconium alloys with 1%NDb, they have the same
corrosion behavior and should be modeled the same. For M5 and DX Zr1Nb cladding materials,
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the pre-transition corrosion equation was kept the same as for the standard Zircaloy-4 cladding,
while the corrosion rate of post-transition state was changed to:

$= Cexp(- Q,/RT,) ©)

Where, C = 1.367 x 107 pm/day, Q, = 11,078.4 ca/mole.

The mode gives a very
reasonable prediction of the
axial oxide thickness profile —¥~ Model
(Figure 67) and the pesk oxide Data [Willse, 2000]
thickness  versus  burnup
(Figure 68). In this study, a ®
constant linear heat rate of
18.29 kW/m (which
corresponds  to  the core
average power) was assumed
and thisinevitably causes some
uncertainty. But, given the : : :
insengitivity of the M5 1 2 3 4
corrosion to the power history Axial position (m)

[Willse and Garner 2000], the  Figure 67. Prediction of the axial oxide thickness profile of

uncertainty should be a@most  \5cladding at 63MWd/kgU.
the same as the data scatter,

which is smal compared to
Zircaloy-4.
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Hydrogen produced in the
corrosion process penetrates
into the metal, forming brittle
zirconium  hydride,  which
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The measured hydrogen pickup ratio of DX ZrlNb is only 0.28 of that for the Zircaloy-4
[Seibold et al. 2000]. Preliminary calculations, using this low hydrogen pickup ratio, show that
the hydrogen concentration in the advanced cladding remains below 100ppm. With hydrogen
concentrations this low, the hydrogen will not have any impact on the mechanical properties of
fuel cladding.
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Since cladding brittlenessis of concern during an RIA event and hydride is the main contributor,
the advanced cladding material will certainly improve the fuel performance during such events.
Then, the remaining concern would be the impact of the neutron fluence on the cladding
brittleness. Unirradiated M5 cladding is very ductile, but the ductility is reduced in a reverse
manner with burnup. At 350°C, the total elongation in atensile test can be reduced from 40% for
the unirradiated materia to 9.7% at 38BMWd/kgU [Mardon et al. 1997]. Further increasing the
irradiation exposure, may reduce the ductility to unacceptable values.

3.4.34. Large-Grained Fue Pellets.

Grain size enlargement has been evaluated as one means to mitigate the rim effect and the
consequent enhanced gas release [Spino 1996]. Various types of large grain fuels have been
tested in-pile, namely un-doped urania, UO, doped with metal oxides of Nb,Os, TiO,, Cr,0Os, and
La,O;, and UO, doped with Al and Ti-silicates [Kubo et a. 1994, Killeen 1975, Killeen 1980,
Une et a. 2000, Nogita et al. 1997]. Under steady state operation, the rim effect, fisson gas
release, and swelling were improved in al cases.

Grain size effectson the fission gasrelease. It will take longer times for the gas atoms to
diffuse to the grain boundaries of larger grains, and there is also less swelling. Severa types of
large grained pellets were irradiated in the Halden Boiling Water Reactor. Besides the standard
grain size pellets (grain size: 9~ 12 um), two types of large-grained -pellets of un-doped (51-
63um) and aumino-silicate doped fuel (46-58um) were fabricated and loaded in these fuel rods
[Hirai et al. 2000]. The fission gas release estimates were derived from the rod internal pressure
data, during both reactor shutdown and operation, and from post irradiation examinations. The
fisson-gas release estimates from the rod interna pressure data agreed with each other and were
consistent with the post irradiation examination results. It was concluded that the fission-gas
release was suppressed by 20 to 50% due to enlarging the grain size, regardless of the additive
type and additive content.

However, under simulated power transient conditions after a burnup of ~25 MWd/kgU, only
un-doped and silicate doped large grained fuels showed better kehavior than standard UO,. The
Nb,Os and TiO, doped fuels showed a high gas release under transient heating [Kubo et al. 1994].
Since doping of large grained UO; is necessary to counter its otherwise worse creep and pellet-
cladding interaction behavior, the above results suggest the preferable use of silicates as
plasticizers (for grain boundary sliding) than of dissolved niobia and titania. However, in-reactor
ramp testing of silicate-doped fuels is needed to prove their actua effectiveness as a pellet-
cladding mechanical interaction remedy, as was the case with niobia [How! et a. 1994].

While it is possible to change the grain size in FRAPCON-3 and get a reduction in fisson-
gas release, the match between the predictions and the observed fission-gas release is not good.
This improvement is a development to be undertaken in the future.

Grain size effectson the rim structure. The improvement in the fission-gas release due to
larger sized grains has long been recognized, but the improvement to the rim structure formation
is a recent finding. The mechanism of this improvement hes been under extensive investigation
using various techniques, such as optical microscopy, SEM, EPMA, XRD, and TEM [Une et &.
2000, Nogita et a. 1997]. TEM observations have shown an inhomogeneous accumulation of
dislocations along the grain boundary. This indicates that the grain boundaries inhibit the
climbing motion of didocations and then are important sites for inhomogeneous dislocation
accumulation, namely for formation of nuclel for re-crystalization. Consequently, a smaller as-
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fabricated grain-size leads to a higher dislocation density because of the larger grain boundary
surface area per volume. From a simple geometrical consideration, the grain boundary area per
volume is inversely proportiond to grain size, i.e. p d*°.

The SEM fractography has shown some sub-divided grain structure that appeared to be localized
along the grain boundaries [Une et a. 2000]. The SEM results support the nhomogeneous
accumulation of dislocations near and/or on the grain boundaries. Recent re-evaluation of the rim
structure width for LWR pellets of the HBEP program has shown that a PWR pellet irradiated to
63 MWd/kgU with a grain size of 78 um significantly impeded the microstructure change,
although the local burnup at the pelet rim had exceeded the threshold burnup 80 MWd/kgU for
small grain fue [Mogensen et a. 1999]. Consequently, large-grained pellets with higher
resistance to the rim structure formation also show lower rim bubble swelling and lower fission
gasrelease a high burnup.

3.4.35. Use Of Annular Fuel Pelletsand L arge Plenum Volumes.

The fuel rod is pressurized at the time of fabrication to mitigate cladding creep and to
increase initial gap conductance. Under normal reactor operating conditions, this pressure must
be lower than a value that will lead to dimensiona instability or heat transfer impairment at high
burnup. This criterion is such that the hot internal pressure, due to the accumulation of the
pressure of the initial helium of the new rod and that of the fission gases released during
irradiation, must be lower than the pressure needed to open the diametrical gap between the
pellets and the cladding by tensile creep of the cladding. The purpose of this criterion is to avoid
thermoplastic instability, where by the increase of the gap causes pellet column heating and,
therefore, an acceleration of fisson gas release, thus an abnorma increment of the internal
pressure of the rod.

The current fuel design cannot meet this criterion because the interna pressure in a
conventional fud rod at 100MWd/kgHM will be significantly higher than the primary coolant
pressure. A large-sized grain design will have a little lower fission gas release and thus lower
internal pressure, but the improvement is unknown at present. To make the fuel operable at very
high burnup, additional gas accommodation volume has to be provided. One approach to
increase the free gas volume in the rod is to use annular fuel pellets. Another one is to increase
the gas plenum volume.

Annular fued pellets. There has been a modest increase in the use of annular fuel pellets
because of their improved therma margins and larger fisson product gas accommodation
volume. Annular fuel pellet useis now common in the natural uranium or low enrichment pellets
used as axial blanketsin LWRs. All the fuel in the Russian VVER-1000PWR is annular, having
a 10% volume central void. The benefits of using annular fuel include:

Increased space for accumulation of fission gas, and hence reduced rod internal pressure;
Deayed and reduced pellet-clad-interaction (PCI);

Lower pesak fuel temperatures; and

Lower stored energy in the fud pins, and therefore benefits for the LOCA limits.

An economic evaluation performed at B&W indicated that fuel cycle cost benefits are optimum

for annular fuel with about 10% void volume [Badruzzaman 1980]. Therefore, the void volume
fraction was set to 10% aso in this study. The ratio of fuel pellet temperature difference
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DT (center-surface) of annular (a) to solid (s) fuel pellets having the same external diameter and
linear power is:.

aR_ 0
DT In R -
DT;:F:L R "izg N 0
(0]
Riﬂ H

aRr 0
Where R,, R = the outer, inner radii. At a void fractionv = R"i =0.1, it is found that
i 9
F=0.74, thusthe peak DT is~25% lower. Theratio of the pellet-average temperature difference
DT values can be shown to be:

g_-:_-g =AF=1- 2—F2 ®
g U
@R, 0 1

R §

For v=0.1 this ratio AF is 0.83, a ~17% reduction. This reduction aso applies to the stored
energy in the fuel pin (and assembly) when weighted by the fuel volume (1-v); hence totd
thermal energy reduction is 0.25 in this study.

The added free gas space is relative to solid pellet volume, which for v=0.1 is dightly more
than the usua end-of-pin gas plenum volume (5 to 10% of active fuel length). Because the
temperature in the centra volume is very high, with the same initia filling gas pressure, the
annular fuel will have higher internal pressure when the fuel is hot. To achieve a comparable
internal pressure, the pressure of the initial fill gas was reduced from 1.4 MPato 1 MPain the
annular fuel. The calculated fractional fission gas release was found, a 100 MWd/kgHM, to be
35% compared to 40% in the solid fuel. The calculated internal gas pressure was 14.7 MPa
compared to 20 MPafor solid fuel. However, Hastings et a. [1985] has shown that annular fuel
actually has a higher fission gas release than solid fuel. Therefore the benefit of annular fuel on
the fission gas release may be modest.

Large gas plenum. A larger gas plenum can aso accommodate the high fission gas release
in the high burnup fuds. It is found to be more efficient than the annular pellet design in this
aspect because the temperature in the plenum is much cooler than in the void of the annulus. By
doubling the plenum from 0.4 m to 0.8 m, the internal pressure at end-of-life can be comparable
to the annular pellet design. The larger plenum will increase the friction pressure drop.
However, from an economics point of view, a large plenum is more desirable than the more
costly annular pellet design. Furthermore, there is more room to increase the plenum, while a
large central volume may cause the fuel to become unstable (i.e., fragmented fuel may fall into
the central hole).

3.4.3.6. Techniquesto Aid Fuel Management Decisions

The current standard practice in the industry is to burn the fuel to a batch average burnup of
about 50MWd/kgHM. At this level of burnup, there is much less degradation of the fuel. Also,
the power history shape has much less of an effect on the fission gas release because there is very
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little fission gas release. However, at a burnup of 80-100MWd/kgHM, the interna gas pressure
becomes a mgjor problem, especialy if the power history is constant.

A high linear power near end-of-life can cause many problems: (1) high oxide-cladding
interface temperature due to thicker oxide acting as a thermal barrier; (2) high fuel temperature
due to degradation of fuel thermal conductivity; (3) high gas temperature and pressure in the
central volume of the annular fuel pellet. Therefore, it is dways desirable to have a decreasing
power history with burnup to counter these effects, i.e. more power is produced at the beginning
to take advantage of the relatively high fission gas release threshold and low fission gas inventory
at that time.

Eleven decreasing power histories with an average level of 25kW/m, shown in Figure 69,
were used to analyze the fissiongas release at a burnup of 80MWd/kgU. Other operating
conditions were kept the same as the reference Westinghouse PWR case. The cumulative fission
gas releases for the various power histories at a burnup of 80 MWd/kgU are shown in Figure 70.
Power History 6, in which the power begins at 35 kW/m and ends at 15 kW/m has the lowest
cumulative percentage of fission gas released. Actua power histories in LWRs aways include
abrupt changes after each fuel reload and can not be so smooth as the ones in Figure 69 and the
approach to an optimized power history will vary accordingly. But the concept demonstrated
here can be utilized to guide the fuel design and operation (i.e. poison design to control the power
history).
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Figure 69. Decreasing power historiesfor constant burnup.
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Figure70. Cumulative fisson gasrelease with various power histories.
3.4.3.7. Assessment of Micro-Heter ogeneous Fuel
The key parameters for a micro-heterogeneous fuel design - DuUUAX4 are given in Table 35.
The configuration of this micro-heterogeneous fuel is very complicated and cannot be directly

simulated by the modified FRAPCON-3 code. An approximate approach has to be adopted to
investigate the fission-gas release and corrosion performance.

Table 35. Configuration and burnup performance of DUUAx4 design.

Length Annulus Central pellet Bl
(mm) Outside Materids Outside Maerids | (MWd/kg
Radius (mm) Radius (mm) HM)

Driver 40 4127 UO, (19.5%| 2.063 Graphite 55.94

Pellet enriched)

Thorium | 91 4127 ThO, 1137 UO, (19.5%

Pellet enriched)

For the corrosion calculations,

the conventional fuel rod is divided 50

into 3 segments (1.27m, 111m, 45 —

and 1.27m respectively), the g 40 /’/" \\

middle segment represents al the £ 35

driver pellets and the upper and @ ¥ / L ;

lower segments represent the £ 2 7

thorium pellets. The fuel format of £ 2 /

each segment is specified thesame, 8 12 —r—

but at different power levels. At &

the beginning of life the power of 0 : : :

the driver zone is about 2.4 times
the average power, while the power
of the thorium zone is about 0.38
the average power. The average
discharge burnup in a 3-cycle batch

o
P
N
w

4
Axial position (m)

Figure 71. The corrosion performance of DuUAx4 fuel

design with driver and thorium pdlet postion

rearranged.
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will be around 84 MWd/kgHM. For some rods the burnup may reach 100MWd/kgHM. In order
to avoid a gap convergence problem, a lower constant power history of the average linear heat
generation rate 18.29kW/m instead of a hot pin stuation of 25kW/m were assumed. This is
acceptable for M5 corrosion calculations because the reduced power level means a longer
irradiation time and hence more corrosion. The calculated oxide thickness profile is shown in
Figure 71. The peak oxide thickness in the driver zone is around 45um and the value in the
thorium zone is around 30pm.

Another concern about the axial heterogeneous design relative to corrosion is that the hydridesin
the cladding will migrate to the cooler area surrounding the thorium pellets. The average
hydrogen concentration in the 3 segments from bottom to top are around 30, 105, 75ppm
respectively. Even if al the hydrogen migrates from the hot area to the cold area, the average
hydrogen concentration in the cladding surrounding the cooler thorium would still be very low.
However, attention should be paid to whether the hydride blisters will form at the oxide-metal
interface.

For the fissiongas release calculation, however, the above approach cannot be used because
FRAPCON can not handle different fuel pelletsin onerod. This can be done by simply looking
at the burnup of each fuel pellet. With an average burnup of 100MWd/kgHM, the burnup in the
driver annulus is close to 300MWd/kgU. So is the central pellet in the thorium section. The
fission-gas release will be rather large at these extreme high burnups. For athermal release only,
it will be above 70%. Itisvery likely that the fission-gas release will be above 80% or even 90%
when the thermal release isincluded. If the average burnup is limited to 7OMWd/kgHM, the peak
driver burnup may be around 200MWd/kgU. This level becomes closer to that of the seed pin in
the WASB design, and similar design approaches may yield satisfying performance.

3.4.4. Summary

This summary is based on al the fuel performance work at MIT since the beginning of the
project. The work has focused on developing fuel performance models that can be used to assess
the performance of ThO,-UQO, fuels that may be operated up to 80-100MWd/kgHM in current
and future LWRs. This involved development of models to evduate the behavior of ThO,-UO,
fuel during normal and off-normal conditions. The models were incorporated by modifying the
NRC licensing codes appropriately: FRAPCON-3 for normal operation and FRAP-T6 for
transient conditions. Both codes had been developed for low to medium levels of burnup of UO,
fuel. The codes were selected because the main mechanisms affecting the therma and
mechanical performance are the same for UO, fuel and ThO, fuel. These models were verified
and compared to the results of previous thorium fuel studies and high burnup uranium fuel
evauations

Rim effect. The pellet rim structure formation at high burnup has been assessed by reviewing
the evidence from UQ, fud and ThO, fudl irradiation studies. Modeling the rim effect in thoria
fuel has led to the following conclusions:

(1) Duetoitslower epithermal resonance absorption, the thoria fuel will have a much flatter
distribution of the radia fissle products and flatter radial power distributions during
operation as compared to urania fuel. The rim structure formation and its consequences
in thoria fuel, therefore, are expected to occur at significantly higher average burnup
levels than in urania fuels.
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The newly developed model — THUPS — which calculates the radial power shapes in
thoria fuel provides power/burnup distributions that are very close to those calculated by
the sophisticated neutronic code MOCUP, but it's much simpler and easier to incorporate
into any fuel performance code.

The formation of arim structure can lead to larger fuel swelling and lower fuel thermal
conductivity. In the process of restructuring, some fission gas will be released to the free
volume. This would explain the accelerated fission gas release a high burnup observed
in UO, fuel. Modeling the rim effectsis of specia concern in the anaysis of RIA events
because of the grain boundary separation in the rim region that may release a large
amount of energy and lead to early brittle failure of the cladding.

Fission gas release. A fission gas release modd to predict the performance of thoria based
fuel using the FRAPCON-3 computer code package has been formulated. In addition to the
modification of the radial power/burnup distribution and the rim porosity, the following changes
have been made in the FRAPCON-3 code:

(1)

)

©)

Thoria fuel properties: thermal conductivity, thermal expansion, fuel density, etc have
been incorporated in the code. Thoriafuel performs better than conventional urania fuel
at fuel exposures near or above the current USNRC licensing limit of 62 MWd/kgU
because thoria has a higher thermal conductivity at low and moderate temperatures
typical of commercia plant operation. In addition, athough thoria has a dightly higher
fission gas production per fission, it has a much lower rate of fission gas release during
irradiation. While the enhanced conductivity is evident for ThO,, in a mixture of UQ,-
ThO, the therma conductivity enhancement is small. The lower thermal fuel expansion
tends to negate these small advantages.

Fisson gas yield rate. For the thoria based fuel system, the production of Kr per U-233
fisson is more than twice as much as per U235 fisson, which results in a tota of
approximately 10 percent more fission gas (Xe plus Kr) production. The disadvantage
will be reduced when using U-235 as the initial fissile materia. From the ORIGEN-2
calculation for amixed oxide, the cumulative gas production would be about 3.37% more
than for aUQ, fue for a burnup of 72 MWd/kgHM.

Fisson gas rdease modd. Mechanisms of fisson gas release in ThO,-UO, fud are
expected to be essentialy similar to that of UO, fuel, therefore the genera formulations
of the existing fission gas release models in FRAPCON-3 were retained. However, the
gas diffusion coefficient was adjusted to alower level to account for the smaller observed
release fraction in thoria-based fuel. To properly mode the accelerated fission gas
release at high burnup fuel a new athermal fission gas release model was introduced.

The modified version of FRAPCON-3 was calibrated using the measured fission gas release
data from the Light Water Breeder Reactor (LWBR) program information. Application of the
new model to calculate the gas release in typical PWR hot pins indicates that the ThO,-UO, fud
will have considerably lower fission gas release above a burnup of 50 MWd/kgHM than UO,

fud.

RIA performance A large amount of energy will be deposited in the fuel in a very short time
during a Reactivity Initiated Accident (RIA). The failure threshold of energy deposition is
greatly reduced for fuel rods operated to very high burnup. There are severa factors contributing
to the reduction of this threshold: 1) heavily oxidized and hydrided, thus degraded, cladding; 2)
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reduced fuel thermal conductivity; 3) pellet-cladding gap closure due to fud swelling; and 4)
large porosity in the rim region allowing very fast gasrelease. Investigation of fuel performance
under RIA events included:

(1) Reviewing the high burnup urania fuel simulation tests, and determining the important
phenomena and mechanisms.

(2 Modeling the key contributors to the cladding failure. The failure of fuel rods during an
RIA comes mostly from the pellet-cladding mechanical interactions (PCMI). For high
burnup fuel with extremely large energy deposition, gaseous swelling will provoke
additiona cladding stress and strain. For very brittle fuel cladding, the possible high-
energy gas liberated from the high burnup rim region can greatly increase the risk of
cladding failure. The transient fuel performance code FRAP-T6 was modified to
simulate the RIA tests. Modifications have been made for high burnup properties,
gaseous swelling, and thoria fuel properties. Results using the modified code show that
ThO,-UO, fue will have better performance than UO, fuel under RIA event conditions
dueto its lower thermal expansion and flatter power distribution in the fuel pellet.

(3) Evauating the typically postulated RIA event in areal PWR. Most RIA simulation tests
were done in a very different environment from the large LWRs and this has important
effects for interpretation of the results. The biggest effect is probably due to test
temperatures. A cold zro-power rod-drop accident is possible in a BWR, whereas a
zero-power rod-gjection accident can only occur when a PWR is hot. Tests have been
performed both ways. The next biggest effect of test conditions is probably due to the
pulse width. Pulse widths that are too narrow produce enhanced stresses in the cladding
a atime when the cladding is cooler than it would be in the real case. The read PWR
fuel will have a higher safety margin than observed in the tests (except the IGR tests in
Russia) due to the higher cladding temperature and wider power pulse.

Fuel design and operation. Based on the assessment using the modified FRAPCON-3, it is
unlikely that current rod designs can achieve arod peak burnup of 100MWd/kgHM. To achieve
satisfactory performance, an advanced fuel design must be adopted to mitigate some of the high
burnup effects, such as the rim effect, early brittle failure during RIAS, and accelerated fission-
gas release and cladding corrosion.

Recommendations for fuel design and operation strategy were proposed for the thoria fuel to
achieve the desired high burnup in several fuel design options (e.g. homogeneous ThO,-UO, fud,
and micro-heterogeneous fuel). With the adoption of advanced cladding materias, for example
M5 or DX ZrINb, corrosion and hydriding may not pose a problem for these fuel designs.
However, larger fuel grain sizes and a decreasing power history might also be needed to mitigate
the fission gas release, and an increased free gas volume (i.e. larger plenum volume) should be
provided to accommodate the increased fission-gas release in all the designs.

The above-mentioned new models and assessments have shown that thoria fuel has the
potential to be a better performer than urania in both normal and off-normal conditions. With
advanced fuel designs (i.e. larger gas plenum, large fuel grains, advanced cladding material),
carefully designed operating strategy and satisfactory investigation of other high burnup issues
(such as LOCA effects), higher burnups on the order of 80 —100 MWd/kgHM can be achieved.
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Progress at the INEEL on Subtask 3.8 Temperature

Performance of ThO,-PuO-, Fuel
Larry Siefken

3.8.1. Design of ThO,-PuO- Fuel

A previous study has proposed a homogeneous mixture of ThO, and PuO, as an advanced
fuel for Light Water Reactors (LWRs) (MacDonald 2002). This fuel design decreases the
stockpile of weapons grade fissile material and aso has the advantage of increasing proliferation
resistance. The basic characteristics of the proposed ThO,-PuO, fuel rods are described in Table
36. Except for fuel composition, the ThO,-PuO, fuel rods are the same as conventional 17x17

LWR fuel rods Table36. Basic characterigtics of ThO ,-PuO, fud

o rods.
_?_f(.)Z._PIgergjaél Conductivity of Characiaidic Valle
Sl Weight % PuO, in fud 33-64

The thermal conductivity of ThO,- Weight % ThO, in fuel 9.7 —93.6
PuO, fud isrequired in order to calculate Ra‘.j' us of fuel pellets (mm_) 4.09%
its temperature behavior. Only a few | JNCkness of fuekcladding gap | 0.082
measurements of thermal conductivity (mm) : :
have been made for ThO,-PuO, fug | Quter radiusof cladding (mm) 4.750
(Bakker et al 1997). Theintegrated, with | Composition of cladding Zirceloy-4
respect to temperature, therma Pitch of fue rods (mm) 12.60

conductivity of a mixture of 97.28wt%

ThO, and 2.72 wt% PuO, was measured

by irradiation of fuel elements with central thermal couples (Jeffs 1968). The therma
conductivity of a mixture of 96 wt% ThO, and 4 wt% PuO, was also measured using the laser
flash technique (Basek et a 1989). The therma conductivity was measured for the temperature
range of 950 K to 1800 K. The measured thermal conductivity as a function of temperature is
shown in Figure 72. The thermal conductivities of 100% ThO, and 100% UQO, are aso shown in
the figure (Belle and Berman 1984, Siefken et al 2001). The thermal conductivities for all three
compositions of fuel apply to fuel at 100% theoretical density. The measured thermal
conductivity of the 96%ThO,-4%PuO, changes linearly with temperature for temperature in the
range of 950 K to 1100 K. Assuming the linear relationship continues for temperatures less than
950 K, the thermal conductivity of 96%ThO,-4%PuO, at 700 K is extrapolated to be 6.6 W/m.K.
The therma conductivity of 100% ThO, at 700 K is somewhat greater, namely 7.2 W/m.K. At
1500 K, the thermal conductivities of these two compositions are 4.3 and 3.8 W/m.K,
respectively. The higher thermal conductivity for 96%ThO,-4%PuO, than for 100% ThO, at
1500 K is somewhat remarkable.
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Figure72. Thermal conductivities of 96 wt% ThO ,-4 wt% PuO,, 100 wt% ThO,, and 100
wt% UO,, each for 100% theoretical density.

Datafor the heat capacity and linear thermal expansion of mixtures of ThO, and PuO, are not
available (Bakker et al. 1997).

3.8.3. Temperature Behavior of ThO2-PuO; Fuel

A steady state and transient temperature analysis of 96wt%ThO,-4 wt%PuO, was performed
using the thermal conductivity data obtained by Basek et a. and performing a linear extrapolation
of the measured therma conductivity for temperatures less than 950 K and greater than 1800 K.
Other materia properties, such as heat capacity and linear thermal expansion, were assumed to be
the same as fuel composed of 96 wt% ThO,-4 wt% UQ..

The temperature behavior of the ThO,-PuO, during in-service conditions in a Pressurized
Water Reactor (PWR) and during a large break LOCA was caculated using the
SCDAP/RELAP5/MOD3.3 code (Siefken et a. 2001). The characteristics of the analyzed fuel
rods were described previoudly in Table 36. The caculations apply to fuel rods at beginning of
life conditions. The power distribution in the fuel was assumed to be uniform in the radial
direction.

The centerline temperature of fuel rods with 96%ThO,-4%PuO, fud during in-service
conditions is calculated to be significantly less than that for fuel rods composed of 100% UO,
fud. Figure 73 shows the radia temperature distribution at the location of peak linear power in
the reactor core for fuel rods composed of 96%ThO,-4%PuO, fuel, 100% ThO, fuel, and 100%
UQO, fuel. The power at this location was 42 kW/m. The centerline temperatures for these three
compositions of fuel were 1715 K, 1750 K, and 2035 K, respectively. The dightly less centerline
temperature for the 96%ThO,-4%PuO, fuel than for the 100% ThO, fuel is due to the thermal
conductivity of the 96%ThO,-4%PuO, being dightly greater than that for the 100% ThO, for
temperatures greater than 1100 K. The centerline temperature of the 100% UO, fud for the
present calculations is about 300 K less than that calculated previously (MacDonald 2002). This
difference is due to a higher but more typical fill gas pressure for the present calculations than for
the previous calculations.
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Figure 73. Radial temperature distribution at in-service conditionsin fuel rods composed

of 96 wt% ThO,-4 wt% PuO,, 100% ThO,, and 100% UO,, each at power of 42 kW/m.

The transient temperature behavior of the ThO,-PuO, fuel was compared with that of 100%
UQO, fudl using the simplified bundle representation of a large break Loss of Coolant Accident
(LOCA). This simplified representation applies transient boundary conditions to a fuel bundle
that result in transient coolant conditions in the bundle similar to those in afuel bundlein a PWR
core during a large break LOCA (MacDonad 2002). The four distinct periods of a LOCA are
represented by the simplified bundle representation; (1) steady state period just before the
initiation of the LOCA, (2) blowdown and depressurization period during which a significant
amount of stored energy is removed from the fuel rads, (3) amost adiabatic heatup period during
which the fuel bundle is amost empty of liquid water, and (4) reflood period during which the
fuel rods are gradually quenched. The calculations were performed for the hot bundle in the
reactor core, where the pesk linear fudl rod power at the start of the LOCA was 42 kW/m. The
reflood rate was a 0.1 m/s and began 25 s after the start of the LOCA. Scram of the reactor was
assumed to occur at the start of the LOCA. Although the decay heat in the 96%ThO,-4%PuO,
bundle may be dightly greater than that in the 100%UO, bundle, nevertheless the decay heat
histories were assumed to be the same for the two fuel bundles. The SCDAP/RELAP5/MOD3.3
code represented the fluid in the fuel bundles with a stack of 40 equally sized control volumes. A
total of 80 equally spaced axia nodes were used to represent the fuel rods in the fuel bundles.

The peak cladding temperature during the smulated large break LOCA for the bundle of
96%ThO,-4%PuO, fuel rods was caculated to ke significantly less than that for a bundle of
100% UO, fuel rods. The cladding temperature histories for these two fuel bundles are compared
in Figure 74. The pesk cladding temperatures in the 96%ThO,-4%PuO, fuel bundle and 100%
UO, fuel bundle were 895 K and 965 K, respectively. The lesser peak cladding temperature for
the 96%ThO,-4%PuO, fuel bundle is due to the lesser in-service fuel temperatures in this fuel
bundle than in the 100% UO, fuel bundle. The 96%ThO,-4%PuO, fuel bundle was completely
quenched at a time of 95 s, while the 100% UO, fuel bundle was till not quenched for a time
greater than 100 s.
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Figure 74. Peak cladding temperaturesduring smulated large break LOCA for bundle of

96% ThO ,-4% PuO, fud rods and bundle of 100% UO, fue rods.

In summary, the steady state and transient temperature performance of fuel rods with
96wWt%ThO,-4wt%PuO, fuel compares favorably with that of fuel rods with 100% UO, fud. The
in-service fuel temperatures of the 96%ThO,-4%PuO, fuel rods are significantly less than those
of 100% UO, fud rods, and the cladding temperatures during a LOCA are significantly lessin the
96%ThO,-4%PuO, fud rods than in the 100% UO, fuel rods. These favorable comparisons are
primarily due to the thermal conductivity of the 96%ThO,-4%PuO, fuel being greater than that of
100% UO, fud. Since the model used for the thermal conductivity of the 96%ThO,-4%UQG, fud
was based on only one set of measurements, these results are preliminary in nature.
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TASK 4. LONG TERM STABILITY OF THO,-UO,
WASTE - Progress at the University of Florida and

at Argonne National Laboratory

Prof. James S. Tulenko, Dr. Ronald H. Baney, Dr. Darryl Butt, Dr. Paul Demkowicz, Lisa
Argo, and Noriko Shibuya at the University of Florida and
Dr. James C. Cunnane and Dr. James Jerdenat ANL

4.1. Introduction

Background. The proposed long-term storage of spent nuclear fuel has given rise to concerns
regarding the leaching of uranium and other hazardous radionuclides from the fuel matrix into the
surrounding environment. It is believed that urania—thoria fuels may have a mgor advantage
over the current commercia urania (UO,) fuels as a more stable materia for disposal in a
geological repository, with significantly lower rates of agueous dissolution. These mixed oxide
(U, Th)O, solid solutions are currently being investigated to assess their behavior in long term
geological storage.

Thoria (ThO,) is avery stable and relatively insoluble oxide. The highest oxidation state for
thorium is +4, and therefore Th(IV) in ThO, can not be oxidized further. However, uranium(1V)
in UO, can exist in higher oxidation states, up to U(VI). Uranium oxide therefore may undergo
extensive oxidation, forming a number of different oxygen-rich phases as the reaction proceeds
(for example, UO,.y, U Oq, UsO;, UsOg, UOs). This reaction has a profound influence on the
aqueous dissolution behavior, since higher oxidation states of uranium readily form soluble
speciesin water. The oxidation of UO,, therefore, leads to the formation of more soluble phases,
which in turn affects the long-term stability of spent nuclear fuel materials in geological
repositories in which eventual contact with groundwater is likely.

Urania and thoria share the same crystal structure and form solid solutions at all UO,—ThO,
compositions. The oxidation and dissolution behavior of such materials over a range of
compositions has not been extensively studied. Of immediate interest is the extent to which
thorium in the (U,Th)O, matrix is able to stabilize the material with regard to oxidation and
dissolution. It has been hypothesized that uranium in a matrix of thorium ions will be less easily
oxidized, and therefore the dissolution of uranium from such materials will be significantly lower
than for pure UO, under similar conditions.

Objective. The objective of this research is to determine the oxidation and dissolution
behavior of (U,Th)O, solid solutions, and to quantify the relative advantages and disadvantages
of these materials versus conventional UO, fuel with respect to long term storage.

The dissolution behavior of both irradiated and unirradiated (U,Th)O, fuel has been
investigated. Irradiated (U,Th)O, pellets with compositions ranging from 2-5.2% were acquired
by Argonne National Laboratory East (ANL-E). Dissolution of these materialsin J-13 well water
at 90°C was studied by measuring the concentration of ***Th, **U, and a number of important
fission products, including **'Cs, **Tc, and *°Sr.

Unirradiated (U,Th)O, fuel pellets were poduced at the University of Florida by blending
and sintering UO, and ThO, powders. The compositions under investigation are 5%, 23.6%,

83



36.8%, 50%, and 100% UO,. Uranium dissolution of whole pellets was studied at 90°C, and
dissolution of crushed pellets was studied at room temperature. All dissolution studies were
performed using 313 water as the leachate solution. This study has the am of ultimately
comparing the dissolution rates of unirradiated (U,Th)O, fuels as a function of composition, as
well as to compare the dissolution rates of irradiated and unirradiated 5% UQ, fuels.

Thermal gravimetric analysis of unirradiated (U,Th)O, has been used to calculate the kinetic
parameters governing the dry oxidation of the solid solutions. Compositions between 5-100%
UQO, are being analyzed. The goa of this study is to evaluate the effect of (U, Th)O, composition
on the oxidation behavior to determine if ThO, is able to stabilize the materias with regard to
oxidation of uranium.

4.2. (U,Th)O, Dissolution Studies

The agueous dissolution of (U,Th)O, fuels is currently under investigation. The primary
objectives of this study are (1) to determine the effect of fuel composition (%0UQO,) on the
dissolution behavior and (2) to compare the dissolution of irradiated and unirradiated fuels.
Unirradiated fuels are being studied at UF, irradiated fuels at ANL.

4.2.1. Unirradiated Fuel

Unirradiated (U, Th)O, pellets with compositions ranging from 5 to 50% UO, were prepared
by blending UO, and ThO, powders. Appropriate amounts of UO, (Siemens) and ThO, (Alfa
Aesar) powders were weighed and placed in a zirconium jar along with two 10 mm Y SZ milling
media. The powders were then milled together for 60 minutes using a SPEX 8000M Mixer/mill.
The milled powders were pressed into pelletsin a 13 mm stainless steel die using a single action
laboratory press and a pressure of 100MPa. Pure UO, pellets were pressed using pressures of
50MPa and 100MPa for comparison. The pressed pellets were sintered at 1650°C for 20 hours in
a5%H in Ar gas mixture using a tube furnace.

Pellets were crushed manualy in a zirconium container usng an aumina pestle.  The
fragments were sieved using 60 mesh (250um) and 170 mesh (90um) screens. Generally about
51-61% of the powder was retained on the 170-mesh sieve and about 35-42% was collected
beow the 170-mesh. The -170 mesh portions

of the crushed pellets were analyzed using x | Table37. Greenand sintered densities of
ray diffraction. The specific surface area of | (U.Th)O: pellets.
both size ranges was analyzed using the BET

method with krypton as the adsorbate gas. The Composition dGreetn S'd”tefted

90 to 250um powder samples for surface area (%0 UOy,) (%e.rll.st'))%b (OznTSDgla
anaysis were rinsed in demineralized water

and dried in a vacuum prior to analysis to > 65902 982106

36.8 62.6 £0.2 96.2 £0.2

The green and sintered densities of the 50 61.4 £0.1 95.3+0.2

pellets are shown in Table 37. The green 100° 57.8+02  97.6+08

denSitieS_ were  determined base(_j on Error represents the 95% confidence interval
geometrical measurements and the sintered ®Green densities estimated from geometrical
densities were measured by the immersion measurements.

method. Figure 75 shows examples of the ‘Datarepresents only pellets pressed at 100 M Pa.
sintered pellets of al compositions.
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Figure 75. Sintered (U,Th)O, pellets prepared by blending UO, and ThO,
powders. Pellet compositions are, from left to right: 50 %, 36.8 %, 23.6 %,
5 %, and 100 % UO..

XRD andysis of the crushed pellets confirms the s
presence of the (U,Th)O, solid solution. No extraneous gfagﬁ;’%diprﬁ?: g%is;trégcearea
peaks are found in the diffraction patterns. The surface (U,Th)O, pellet fragments.
aress of the powders are given in Table 38. ’ :

Specific
surfacearea
_ Composition (m*g™h
4.2.2. Irradiated Fuel (% U0,) 170 -60
+170
Irradiated (U, Th)O, pellets have been acquired by mesh - oen
Argonne National Laboratory—East (ANL-E). The 50 0206 0.0299
following sections provide background information 23;6 0'224 0'0199
regarding the fabrication and irradiation history of the 36.8 0'201 0'0141
(U, Th)O, fuel rods previousdy examined at ANL, from ' ' '
which samples were taken to be used in these experiments. 20.0 01% -

100 0.131 0.0120

Chemical composition, homogeneity and irradiation
history of samples. The test materials consist of metallurgical specimens prepared as part of the
end-of -life destructive examination of the Shippingport Light Water Breeder Reactor (LWBR)
core (Richardson et a. 1987, Olson et al. 1999). Figure 76 shows a cross-section through the
LWBR core and indicates the approximate locations of the spent rods from which the test
materials were extracted. The fabrication and irradiation history of these samples are summarized
below to provide background for the corrosion and dissolution results. For more detailed
discussions of these samples see Richardson et a. (1987) and Olson et al. (1999). Pertinent
observations made during the LWBR end-of -life destructive analyses program are summarized in
Table 39.

Fuel pellet fabrication. The fabrication of chemically homogeneous (e.g. true binary solid
solutions) thoria-urania pellets is complicated by the high melting temperature of ThO, (3390°C)
rdative to UO, (2827°C) and reatively low diffuson coefficients a norma sintering
temperatures (Olsen et d. 1999). The estimate of the melting temperature for urania-thoria solids
containing 2 to 6 weight percent UG, in (U, Th)O, is 3288°C (Olsen et a. 1999). The pellet
homogeneity criteria for the LWBR fuels was achieved by multiple stages of blending and co-
micronization of urania and thoria powders followed by pellet pressing and sintering at
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approximately 1800°C (Olsen et a. 1999). The homogeneity of the as-fabricated LWBR pellets
were assessed with an auto-radiographic technique and pellet batches not meeting a pre-
determined criteria were rejected. This issue of fuel homogeneity is centra to our experimental
study as it is expected that the dissolution behavior of a binary solid solution of (U,Th)O, will
differ from that of a micro-heterogeneous thoria-urania sample.

Moaovable Sesd
Rod Region
Standard Blanket
Rod Region

“ Reflectar

Rad Region
Powar Flatiened
Blanket Fiod Region

Figure 76. Cross-section of LWBR core showing different types of fuel modules. The two
bottom images show, schematically, the blanket rod (Ieft) and seed rod (right) modules from
which the test materials for this study were extracted. The Shippingport thoria-urania
reactor vessel was 10 m high with an inner diameter of 2.7 m (images adapted from Olsen et
al. 1999).

Fisson gas release and estimate of core temperature during irradiation. The LWBR
end-of -life fission gas (Xe and Kr) measurements were made by puncturing fuel rods using a
laser and analyzing the collected gas by mass spectrometry (Olsen et a. 1999). The rods
analyzed included a broad range of burnup values, neutron fluence, and power density. The fuel
to dadding gap and plenum inventories of the fisson gas comprised less than 1% of the total
gases measured from the rods. Most of the trapped gas (>94%) was helium, which was the initial
fill gas. Other gasses included xenon and krypton produced during fission and minor amounts of
H, and CO, that were residua from the pellet fabrication. The ratio of fission gases (Xe + Kr) to
the total gas was used to develop a rough estimate of the core temperatures achieved during
reactor operation. The estimate was made by normalizing the fission gas release percentages to
100% pellet density and plotting them against average rod depletion (Figure 15 of Richardson et
a. 1987). The normalized fission gas release for the analyzed LWBR samples were less than
0.25% which yields a temperature estimate of 1415°C. Because the rods anayzed included
samples from the peak temperature and peak depletion locations in the core, this calculated
operation temperature represents a maximum upper bound for the LWBR fuel (Richardson et al.
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1987). Giovengo et a. (1982) suggest that relatively high fission gas release values (>5%) are
related to microstructural changes that occur at temperatures greater than 1871°C in thoria-urania
fuels. These data therefore suggest that the temperatures in the LWBR core were not high
enough to cause significant microstructura alteration of the fuels during burnup.

Table 39. Test results from the end-of-life analyses of fuel rods from the Shippingport
Light Water Breeder Reactor program (adapted from Olsen et al. 1999, Table 5-5).

Property Number of
Tested Purpose of Test Results of Test Rods Tested
Quantify fission gas release, which is  Operating temperature is <1416°C (Richardson
Fissiongas an indication of fuel temperature et a. 1987). Fission gasin gap (plenum) is< 17 at ANL-E
release achieved during reactor operation. 1% of total fission gas measured from therods. 12 at ANL-W
Size and distribution of pores, cracks, Low burnup thoria pellets show no cracking.
Metallography grain-size, corrosion, mechanical and (U,Th)O, pellets commonly cracked but not 12at ANL-E
chemical behavior of cladding. disaggregated. Fine porosity. No evidence for
bonding of fuel to cladding in seed.
Cladding Zircaloy-4 cladding adequacy No through-going cladding defects detected. 12 at EFC
U isotopic Determine post burnup U isotopic Fissile inventory (pre-burnup) / Fissile
composition  inventory for proof of breeding study inventory (post-burnup) = 1.0139 providing 17 at ANL-E
and to calibrate fissile inventory proof that breeding of U-233 was
calculations. accomplished. Theinitial isotopic datais given
in Table 40.
Concentrations Calculate burnup of different types of The average burnups of the seed rods ranged
of La-139and fuel rods (HNOsz-HF digestion) and from 41,200 to 53,400 MWD/MTM*. The 2at ANL-W
Nd-148 in calibrate  non-destructive  burnup average burnups of the blanket rods ranged
spent rods. calculations. from 18,700 to 24,400 MWD/MTM.
Concentrations Determine amount of | and Cs that Small quantities of 1-129 in fuel (< 400 mg/kg)
of -129and  migrated to gap region and into and in negligible amounts associated with 11 samples at
Cs-137infuel  cladding. cladding. Cs-137 mostly in fuel (~1300 mg/kg, ANL-E
and cladding seed rods) with minor amounts associated with

cladding (<10 mg/kg).

ANL-E: Argonne National Laboratory-East; ANL-W: Argonne National Laboratory-West; EFC: Naval Reactors Expended
Core Facility, *MWD/MTM = megawatt days per metric ton of thorium plus uranium.

Microstructural characterization of samples. Although minor fisson gas porosity is noted
in the samples used in the current study, there is no optical or microscopic evidence for
significant microstructural changes (e.g. recrystallization) in the fuel due to in-reactor heating.
Metallographic and optica observations indicate that many of the urania-thoria pellets contain
both through-going, lateral, and circumference-parallel fracture patterns. The samples used in the
dissolution experiments are fractured but have remained intact during testing. Thus, except for
minor fission gas porosity and pellet fracturing, the experimental samples generally retain
microstructural characteristics (e.g. grain size range and distribution) of the as-fabricated pellets.

Uranium isotopic measurements. The initid (as-loaded) uranium isotopic composition of
the fuel pellet types used in the current study is summarized in Table 40. Two types of seed rods
were produced for the LWBR program: highly-enriched rods containing 5.195 weight percent
#3U0, in (U, Th)O, and lower enriched rods containing 4.327 weight percent ***U0O, in (U,Th)O..
The blanket rod specimen used in the current study is from the standard blanket region of the
LWBR core and contains 2.0 weight percent >*UQ, in (U, Th)O..
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The core was designed 0 1ap1e 40. Initial (as-loaded) uranium isotopic inventory and
bun U as the fissle yqq thorjum content of the seed and standard blanket fuel
component and in the process | 44 yged in the LWBR core.

breed more **U from fertile

**Th by neutron absorption Totalsfor Totalsfor Blanket
. Seed Rods

and decay. The ratio of the Seed Rods Blanket* Rods (percent) Rods
initial  amount of fissle (kg) (kg) (per cent)
material in the rods over the 2y 0.001 0.001 <001 <001
amount of fissile materia in =Y 198.441 116.202 98.35 98.29
the spent rods was = 1.0139, 4y 2.581 1.577 1.28 1.33
thus  demondrating  that 5y 0.143 0.110 0.07 0.09
breeding was achieved. The =8y 0.031 0.031 0.02 0.03
neutron  absorption  and 28 0.574 0.303 0.28 0.26
subsequent decay involved in Total U 201.771 118.223
the breeding processes Total Th  5,206.55 9,487.14
determined  the  uranium Number of 7,428 3,234
isotopic composition of the Rods

post-burnup LWBR samples.
This process is summarized in
Figure 77. The end-of-life

*|nventories for standard blanket rods only

’ Neutron
uranium isotopic inventories P*t'swm;
for 5 seed rods and 4 standard

blanket rods were measured by g
¥

thermal ionization mass 22 min

spectrometry at ANL-E (Olsen
et a. 1999). These data are
summarized in Table 41.

BI.-'1:'!

As the data in Table 41 ﬂg;;

indicate, the spent LWBR rods

l 1.3%

MNeutran
Ansnrot-un .

Beta
Decay
6.6 Hr
11.5%

MNeutran Meutran 22% Neudron
are hl ghly mrl ChEd |n 233U . .-\hsnrptlnn Ah:nrr)m .I'J.hsn'pll-c'n
Therefore, the 22U is the main

. . . BS% Fisgion by '-"E-“H.- Figshon by .I-

monitor nuclide for uranium Thermal Neulrons

Thermal Nautrons

release for the dissolution and ~ Figure 77. Production of uranium isotopes from ***Th by
corrosion experiments. neutron absor ption and radioactive decay in the LWBR

system (adapted from Olsen et al. 1999).

Concentrations of *'Cs
and 1 in the fue and estimates of gap
inventories. Relatively mobile fission products
such as cesum and iodine may migrate during
reactor operation to sites in the fuel from which
they may be readily released on contact with an
aqueous phase. To edstimate the inventories of
readily leachable **'Csand "I in the spent LWBR
rods, samples of cladding and fuel were separated
and leached in 2 molar HCl for 30 minutes
(Richardson et a. 1987; Olsen et a. 1999). For
these leaching tests the gap region was
operationally defined as the gap between the fuel
and cladding, cracks in the fud, and open,
interconnected pores in the fuel. After leaching,
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Table 41. Post-burnup uranium isotopic
inventory (in percent) for seed and
standard blanket rods analyzed as part of
the LWBR end-of-life, proof of breeding
program (Olsen et al., 1999).

Seed (%)  Blanket* (%)

(n=5) (n=4)
=2y 0.1+/-0.02 0.1 +/-0.03
=y 87.3+/-1.1 89.3+/-0.7
By 10.4+/-0.8 8.8 +/-0.6
2y 1.8 +/-0.2 15 +/-0.1
26y 0.2 +/-0.05 0.1 +/-0.03
=8y 0.3 +/-0.04 0.2 +/-0.04

*|nventories for standard blanket rods only.



the fuel and cladding samples were completely digested (separately) in concentrated HNO; + HF
and the solution was analyzed for **'Csand 1. Results of these analyses indicate that both the
fuel and the cladding contained minor amounts of **°l and that the gap inventory of **’Cswas less
than 0.5 % of the total amount present in a given sample (Table 42). Aswill be discussed in the
experimental results section below, the most abundant nuclide present in our experimenta
leachate samples was **'Cs, which was most likely leached from the gap inventory.

Table 42. Estimatesof **'Csinventories associated with the fuel, cladding and gap regions
Values based on acid leaching and complete digestion of fuel (Richardson et al. 1987, Table
17).

Brcsin - P'CsFud

Burnup Fuel leach Bcsin ¥Cstotal % ¥'Cs % ¥'Csin % ¥'Cs
Rod Type (MWD/MTM) (mg/kg) (mg/kg) Cladding (mg/kg) ingap cladding infuel
Seed 53,400 1609.8 1.8 2.8 1614.4 011 0.17 99.71
Seed 53,400 1261.5 4.3 59 1271.7 0.34 0.47 99.19
Seed 47,300 1355.2 2.4 5.8 1363.4 0.18 043 99.39
Seed 47,300 1317.0 BDL 6.2 ---- ---- 0.47 ----
Average --—- 1311.2 3.4 6.0 1320.6 0.26 0.46 99.29
Blanket 22300 622.1 0.4 2.8 625.3 0.06 0.45 99.49
Blanket 22300 812.7 0.6 NM ---- 0.07 ---- -—--
Blanket 22300 571.6 0.4 2.9 574.9 0.07 0.51 99.42
Average ---- 668.8 0.5 2.9 672.1 0.07 0.48 99.45

Serial numbers of the rods from which the seed rod samples were extracted are 0205071 and 0507672 and
the standard blanket samples were taken from Rod 1606710. BLD = below detection limit, NM = not
measured.

Characteristics of samples used in dissolution and fission product release experiments.
The experimental samples for the current study came from the three spent LWBR rods

characterized by Richardson et al. (1987) and discussed above. Two of these were seed rods and
one was a standard blanket rod. The locations of these rods within the core module are shown in
Figure 76. The individua pellets sampled were chosen to provide variations in initia uranium
content and extent of burnup (Table 43). The tests were performed on cut and polished disks as
well as crushed and sieved samples.

Table 43. Characteristics of irradiated thoria/urania fuel samples chosen for corrosion
tests.

SFéﬁg Sample 2225'8' Fuel Burnup  Pellete OD  Theoretical Gra R/I?éra;:ger In
2 . 1 P |

Number Number (WE.%) (MWD/MTM)  (inches) Density Edge Center

0400736 (T) A2 4.327 24,850 0.252 97.71 60 70

0606773 (T) C4 5.195 40,870 0.252 97.55 70 80

1606710 (T) J6 2.000 22,350 0.5105 98.11 150 80

TAverage as fabricated fuel characteristics from (Olsen 1999, Table 3-4, p.23).
2Grain size measurements from metall ographic analyses of (Richardson 1987, Table 8, p.55).
MWD/MTM = megawatt days per metric ton of metal (uranium + thorium).

4.2.3. Experimental Procedures For Dissolution Studies

4.2.3.1. Unirradiated Fude — UF
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Unirradiated pellets of al five compositions (see Table 37) were polished on al sides by hand
using 600 grit SIC paper and deionized water as a lubricant. The polished pellets were rinsed
with deionized water and cleaned ultrasonically in deionized water for 5 minutes to remove all
particulates. The pellets were weighed and the dimensions were measured using digital calipers.

The pellets were then placed on
gold mesh sample holders in stainless
steel  vessels. The vessels were
fabricated at ANL-E by welding 304L
stainless steel caps onto 304L stainless
steel  tubes and sedled using
Swagelok™ tube fittings. Within the
reaction vessals, the samples are
supported on gold mesh or gold foil
holders spot-welded onto the 304L
stainless stedl lifting bails (Figure 78).
Each sample vessdl was filled with
25mL J13 well water and sedled. The
sealed vessels were then placed in a
laboratory oven at 90°C (Figure 79).

The leachate solutions were
sampled by removing all of the solution
and replenishing with fresh J13 water.
Approximately  10-15mL  of the
solution was filtered with 20 nm pore
size syringe filters. Both the filtered
and unfiltered portions of the leachate
solutions were acidified with 1 drop of
concentrated (70%) nitric acid.

For the powder dissolution studies,
both the 90-250um and <90um
portions of the crushed pellets were
placed in 250mL glass flasks with
200mL J13 water. The 90-250um
powder fraction was first rinsed in
~30mL J-13 water and filtered with
25um pore size filter paper prior to
starting the experiments to remove the
fine particulates. The flasks were

Figure 78. Components of experimental vessels.
gold mesh sample holder, 50mL stainless steel
tube, and Swagelok ™ cap.

Figure 79. Stainlessstedl sample vessels,
containing unirradiated fuel pelletsimmersed in
J-13 water, insde a laboratory oven.

sealed with rubber stoppers and the solutions were stirred for the entire experiment duration by
means of magnetic stir bars. The dissolution experiments were carried out a room temperature
(24 £2°C). The experimental setup is shown in Figure 80.
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Figure 80. Experimental setup for unirradiated crushed pelletsin J-13 water. Crushed and
sieved pellet fragments areimmersed in J-13 water inside stoppered glass flasks and stirred
with magnetic bars.

Samples of the leachate solutions were withdrawn in 5mL aiquots and filtered immediately
through 20nm pore size syringe filters. The filtered solutions were then acidified to
approximately 0.16% acidity with 1 drop of 3M nitric acid. In the case of the <90um 100% UO,
powder, 3mL of the leachate solution was passed through 20 nm filters and 2mL was analyzed
unfiltered. Both the filtered and unfiltered were acidified with 3M nitric acid.

The concentration of U™ in the acidified leachate solutions from both the pellet and powder
experiments was analyzed using a Scintrex UA-3 Uranium Analyzer. The technique and
caibration of this instrument has been discussed in previous reports. Generally 3-6
measurements were made on each sample for statistical reliability.

The pH of the solutions was measured at selected interval's throughout the experiments using
aglass combination electrode. The electrode was standardized with buffered solutions at pH 4, 7,
and 10 prior to sample analysis. The pH values for al of the solutions was found to be between
8.2 and 8.5 for the period 0-25 days.

4.23.2. Irradiated Fuel —ANL-E

All sample preparations and experiments were performed in the Chemical Technology
Division, Class |1l Hot Cell Fecility (located at ANL-E). The dissolution and fission product
release experiments involved submersion of the irradiated thoria-urania samples in ground water
from well 313 near Yucca Mountain, Nevada. The tests were preformed at 90°C in 50 mL
stainless steel batch reaction vessals identical to those used for unirradiated pellets (Figure 78).

Disk samples of irradiated pellets were cut in the hot cells using a diamond blade saw. The

disks were polished using 600 grit silicon carbide paper (deionized water Iubricant), rinsed, and
immersed in an ultrasonic bath of deionized water for 5 minutes to remove fine particles from the
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sample surfaces. The thickness of each sample disk was measured after polishing using digital
calipers. The sample thickness and weights are shown in Table 44. Granular samples were
prepared by crushing rod segments with a steel mortar-pestle and sieving to obtain the desired
size fraction. The grain-size used for the tests is 75-150 microns. After crushing, the samples
were rinsed thoroughly with deionized water to remove the fine particles. Both the disk and
granular samples were examined at 10—-20x magnification using a camera mounted in the hot cells
prior to starting the experiments. At the beginning of each test interval the reaction vessels were
filled with approximately 25mL of 313 well water, leaving approximately 25mL of air-filled
head space within the vessels. No effort has been made to control the fugacities of O,(g) and
COy(g) during the experiments.

Table 44. Test matrix for dissolution and fission product release experiments on irradiate
fuel pellets and crushed fragments.

Test Form of Samp. I[]J'gal Fuel Burnup Savcfle Thickness Initia Vol.
2 .

ID Sample ID (Wt.%) (MWD/MTM) (mg) (mm) J-13 (mL)
ANL-1 Polished Disk (1) A2 4.327 24,850 630 157 23.53
ANL-2 Polished Disk (2) A2 4.327 24,850 820 193 23.39
ANL-3 Polished Disk (1)  C4 5.195 40,870 540 111 25.27
ANL-4 Polished Disk (2)  C4 5.195 40,870 730 119 22,51
ANL-5 Granular ca 5.195 40,870 140 20.29
ANL-6 Polished Disk J6 2.000 22,350 2330 1.69 21.41
ANL-7 Granular (1) J6 2.000 22,350 960 26.39
ANL-8 Granular (2) J6 2.000 22,350 640 23.97
ANL-9 Blank -- - 25.05

MWD/MTM = megawatt days per metric ton of metal (uranium + thorium)

The samples were taken by the following process: remova of vessdls from oven, cooling at
ambient temperature, weighing of vessels, removal of gold sample holders, and decanting of
leachate into high density polyethylene (HDPE) bottles (al done remotely in hot cells). All of the
leachate solution for a given test was extracted and the test restarted for the next test interval with
20 to 25mL of fresh J}13 water. The leachate samples were surveyed for a, b, and gradiation
and, if within radiation safety limits, removed from the hot cell for filtering. All the samples were
below the administrative gamma dose rate limit of 200mR/hr and thus no sample dilution was
necessary for removing samples from the hot cells. The leachate samples were filtered through
0.45 micron and/or 30,000 molecular weight (~5 nanometer) millipore membranes. Both filtered
and unfiltered samples were acidified to pH < 2 with ultra-pure nitric acid and anayzed by ICP-
MS. Due to mass interferences, the nuclides **’Csand **Am were analyzed by high-resolution
gamma counting. The reacted solid samples were examined at 10—20x magnification during each
sampling interval (see results section for description of reacted samples). On termination of two
of the tests, the samples were removed and vessels were leached overnight in 1% nitric acid to
determine the amount of nuclides that may have been retained in the base of the vesseals.

3.2.4. J-13 Well Water Chemistry

The starting composition of the J-13 water used in the experiments on irradiated and
unirradiated (U,Th)O, was analyzed at ANL-E. The cations were measured by inductively
coupled plasma, atomic emission spectrometry (ICP-AES) and the anions were measured by ion
chromatography (IC). These data are shown in Table 45 (ANL1 and ANL2 are replicate samples
of J13 used at Argonne; UF1 isthe J13 used at UF). Theions A", Fe**, PO,* and NO, were
al below detection limits of 0.1, 0.1, 0.5, and 0.4 mg/L respectively. Nbre sendtive anion
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nelyses by Harrar o d (1990) report 10 ropie g5 Chemisiry of J13 wel
issolved inorganic phosphate concentrations for : :
J13 waters of 012 mglL (s HPOZ). The ‘("l’JatT%C‘)’%d for tests on irradiated
dominant oxidant in our leachant solutions, ' 2

dissolved oxygen, is estimated assuming that the Concentration (ppm)
fluid samples have approached equilibrium with Species 313 313 313
aimospheric oxygen.  This yields a dissolved (ANL1) (ANL2) (UF1)

oxygen concentration of approximately 8 mg/L

(solubility of Q(g) in diltte water at 25°C; eg. > @ 618 6200637

Langmuir 1997). Na+ 442 439 434
K 4.7 4.8 4.7

For all of the tests at elevated temperature, the Mg** 19 19 19
seded reaction vessdl containing the sample and J Ca** 12.0 11.8 12.2
13 leachant is heated from ambient temperature to NOs™ 6.6 6.6 8.7
90°C at the initiation of each test interval. = 292 24 213
Increases in gas fugacities associated with this cr 8.1 8.1 78
heating process were caculated using the SO 183 185 185

geochemica modeling software “Geochemist’s
Workbench™” and are shown in Figure 81. Heating results in an overall pressure increase to
approximately 2 bars. In this closed system the dissolved concentrations of oxygen and carbonate
are anticipated to remain relatively constant during hesting as decreases in solubility with
increasing temperature are balanced by the increasing partial pressures of the corresponding
gasses (Figure 81). The pH, which starts at approximately 7.4, decreases during heating to a
value of approximately 7.1. Thus, during the tests, the irradiated thoria-urania samples are
interacting with nearly neutral solutions that are saturated with oxygen.
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Figure 81. Left image: gasfugacity vs. temperaturefor J-13 water and air-filled head space
in a sealed vessel heated to 90°C. Right image: activity of dissolved oxygen and dissolved
carbonate corresponding to the partial pressures shown on the left image. The reactions
summarize how carbonate may effect pH within the system.

The J13 a 90°C is theoretically supersaturated with respect to the smectite clay mineras
nontronite and saponite; however, the formation of these mineras appears to be kineticaly
inhibited, as no precipitates have been noted in any of the samples. The activities of the dissolved
cations and anions within the 313 water at 90°C were aso calculated using the Geochemist’s
Workbench™  software, which employs an extended form of the Debye-Huckle equation
(Helgeson, 1969) for activity modeling. The results of these calculations (Table 46) are used to
create the activity diagrams presented in the experimenta results section below.
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4.25.  Experimental Results: Tgple 46. Results of activity calculations for J-13
Dissolution of Irradiated Fuel wdll water at 90°C.

4.25.1. Macroscopic Examination Of 57
Reacted Irradiated (UTh)O, Fud x°
Samples Eh* 0.7 Volts
lonic Strength ~ 3.3x10°

Equilibrium thermodynamic — Log
calculations predict that, given the amount Molal - Activity 5 ity
of dissolved oxygen in the leachant 'gig,(ag) 1.03x10°  1.03x10°  -2.99
solutions used in our experiments (10%° gt 192%10°  1.79%x10° 275
molal), the U(IV) inthe (U, Th)O, samples -+ 121x10* 1.13x10*  -3.95
should _oxidize to U(y|) (thermodynamic M92+ 7.74x10° 6.18x10° 421
calculations made using the data base of 2+ 200x10%  220x10%  -3.64
CGrenthe et d. 1992). Hexavalent uranium oo, + COy(aq)  143x10% 135x10°  -3.87
in this system is predicted to have a o 107x10*  9.90x10°  -4.00
solubility in the range of 107 to 10" mold, o, 5 257%10% 257x10*  -3.59
with the uranyl oxy-hydroxide dehydrated 117x10% 1.09x10%  -3.96
schoepite being the solubility controlling - 2 05x10°  1.91x10° 279
phese. ~ The gadbility of dehydratled 1y po, + PO,  1.25x10° 1.06x10°  -5.97
schoepite and other uranium species are SO2 172x10%  1.29%x10%  -3.89

shown &s a function of oxidation potentid  Fpesreical En calculated assuming equilibrium for al
and pH in Figure82. Thus, if uranium  reqox couplesin solution. Species AP, Fé*, Mn** all
were released relatively rapidly from the  have activities less than 10°. Dissolved oxygen and
corroding samples it is predicted that  carbonate concentrations are from Figure 67.  The
dehydrated schoepite would precipitate on phosphate starting concentration is from Harrar et a.,

reacting surfaces as a corrosion product. 1999.
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Figure 82. Uranium species stability (solid and aqueous) plotted on dissolved oxygen vs. pH
(Ieft) and oxidation potential vs. pH (right) diagrams. Plotted for 10°® molal dissolved
uranium and CO,(g) fugacity of 107,

Macroscopic examination of the irradiated thoria-urania fuel samples from our experiments
reveals no evidence for the growth of corrosion products after 195 days of reaction. Surfaces of
reacted disks (Figure 83) are black with individual grains visible. Crushed and sieved samples
also show no evidence for the precipitation of secondary phases (Figure 84). These observations
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agree with solution data indicating that the |eachates are undersaturated with respect to potentially
important uranyl phases.

Zigalgy, Irradiated (U, Th)O; fuel
¢4gddi!f_]q. iz

Figure 83. Optical images of sample disk C4 after 138 days of interaction with J-13 water
at 90°C. Left imageisof sampledisk on gold mesh sample holder. Right imageisenlarged
view of cladding and fuel. Crystal faces of individual fuel grains are clearly visible (white
reflections on right image) and thereis no evidence for corrosion product precipitation.

Figure 84. Optical photographs of crushed and sieved sample C4 after 124 days of
interaction with J-13 well water at 90°C. Individual fuel grains (black) show no evidence
for reaction at this scale and secondary alteration products have not been observed. The
images show the fuel grains resting on gold foil (yellow). Theright image is an enlarged
view of the area indicated by the white box in the left image showing individual fuel grains.

4.2.5.2. Solubility Of Actinides And Other Fission Productsin J-13 L eachate Solutions

The concentrations of actinides and fisson products in the filtered and unfiltered leachate
samples are presented in Tables 47 and 48 respectively. These data are discussed in the context
of equilibrium thermodynamic constraints and presented on activity diagrams where activity is
nominally equal to the molal concentration of the species in question. The kinetic implications
(e.g. actinide and fission product release rates) of these data are discussed in the subsequent
section.
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Table 47. Concentrations of actinides and selected fission products in filtered leachate
samples.
Test ID C4D4 C4D4 C4D4 C4D4 C4D4 C4D13 C4D13 C4D3 C4D15 C4D15 A2D2 A2D2 A2D2 A2D5 J6D20 J6D20
Test
Interval 53 53 95 138 195 95 138 195 81 124 53 53 138 195 39 39
(days)

Filter ~5nm 0.45 ~5rm ~5nm ~5nm ~5nm ~5nm ~5nm  ~5nm  ~5nm ~5nm 0.45 ~5n$m ~5nm ~5nm 0.45
pm pm pUm

Species Concentration (ug/L)

Sr-90 129 127 016 01 <0.08 275 011 0133 042 032 125 131 03 150 03 0.33
Mo-97 58 577 45 45 445 139 114 6.36 5.35 418 6.07 632 614 534 606 571
Tc-99 362 332 273 274 357 609 087 523 672 26 471 442 701 48 58 5.23
Cs134 0.04 0.04 <0.01 <0.01 <0.01 0.09 001 <001 002 <0.01 004 004 <001 <001 0.02 0.02
Cs137 1479 1480 045 012 041 3522 096 0.29 8.55 134 1451 147 057 1952 6.92 6.74
Th-232 022 015 017 050 <056 0.11 039 <056 0.05 015 018 009 029 <056 018 265
U-233 028 027 032 044 023 0.66 0.06 0.62 0.08 08 015 016 026 012 084 092
U-234 005 006 006 009 <012 011 004 0126 0.04 012 002 002 004 <0212 012 013
Np-237 <0.02 <0.01 <005 <0.04 <0.16 <0.05 <0.04 <0.16 <0.05 <0.04 <0.02 001 <004 <0.16 <0.02 <0.01
U-238 14 144 994 119 464 264 065 182 <065 315 28 293 245 253 105 10.7
Pu-239 <002 <0.01 <0.06 <0.04 <02 <0.06 <004 <0.2 <006 <0.04 <002 <0.01 <0.04 <02 <0.02 <0.01
Pu-240 <0.02 <0.01 <0.04 <0.08 <0.08 <0.04 <0.08 <0.08 <004 <0.08 <0.02 <0.01 <0.08 <0.08 <0.02 <0.01
Am-241 <0.01 <0.01 <0.01 <0.01 <0.02 <0.01 <0.01 <0.02 <0.01 <001 <0.01 <0.01 <0.01 0.05 <0.01 <0.01

*Test identifications are listed as sample type (C4, A2, J6) followed by the reaction vessel identification number. The estimated accuracy for
these data is +/-30%.

Table 48. Concentrations of actinides and selected fission products in unfiltered leachate

samples.

Test ID C4D4 C4D4 C4D4 C4D4 C4D13 C4D13 C4D13C4D15 C4D15 A2D2 A2D2 A2D5 J6D20 Blank C4D12 A2D5

Test . .

Inteva 53 95 138 195 95 138 195 81 124 53 138 195 39 g Add Add
Rinse Rinse

(days)

Filter  Unfil. Unfil. Unfil. Unfil Unfil. Unfil. Unfil Unfil. Unfil. Unfil. Unfil. Unfil Unfil. Unfil. Unfil. Unfil.

Species Concentration (ug/L)

Sr-90 13 022 018 176 058 130 257 293 051 13 02 154 033 008 086 050
Mo-97 590 441 258 475 537 375 661 144 147 649 304 54 646 524 067 022
Tc99 370 296 155 401 6.85 241 559 636 118 50 344 472 635 003 006 0.03
Cs134 0.03 <0.01 <0.01 <0.01 0.02 001 <0.01 01 <0.01 0.04 <0.01 <0.01 0.02 <0.01 <0.01 <0.01
Cs-137 1255 045 012 041 847 09 029 3812 134 1526 057 1952 7.06 <001 024 023
Th-232 032 194 920 919 4960 4480 835 074 1370 039 816 66 154 016 427 0.86
U-233 03 042 066 38 273 281 379 075 698 018 045 032 144 002 129 079
u-234 007 008 011 063 0.39 048 062 013 111 002 005 <006 022 004 024 0.08
Np-237 001 0.05 001 <008 0.05 003 <0.08 005 001 001 001 <008 001 005 <0.04 <0.04
U-238 148 136 117 116 3.7 700 267 275 577 314 183 381 131 065 1260 300
Pu-239 001 0.06 008 058 0.06 037 037 006 006 001 004 <01 001 006 0.81 <0.05
Pu-240 001 0.04 002 0.09 0.04 013 004 004 002 001 002 <004 001 004 0.23 <0.02
Am-241 <0.01 <0.01 <0.01 <0.02 <0.01 <0.01 <0.02 <0.01 <0.01 <0.01 <0.01 0.05 <0.01 <0.01 0.08 <0.01

*Test identifications are listed as sample type (C4, A2, J6) followed by the reaction vessel identification number. The estimated
accuracy for these datais +/-30%.
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Thorium. The thorium ¢*Th)
concentrations in the filtered (~5
nanometers) leachate  solutions
ranged from <0.05 to 05pgL™
(roughly 10°" to 10%" molal). These
concentrations are only dlightly
higher, on average, than the hot cell
J13  blank, which  contains
016 ugL™  thorium. The
concentrations do not systematically
vary with sample type (eg. disk
versus crushed and sieved) or the
amount of time the sample has
reacted. As shown in Figure 85,
these measured concentrations are
orders of magnitude higher than the
predicted ThO, solubility of
approximately 10 molal, but are
lower than the predicted solubility of
Th(OH),(solid). No thorium
hydroxides or thorium hydrous
oxides have been noted in the reacted
samples. It is unclear why these
concentrations are higher than the
thermodynamically predicted values.
However, it can be concluded from
these data that only trace (to ultra-
trace) amounts of dissolved thorium
have been released from the samples
during these test experiments.

The unfiltered samples have
concentrations ranging from 0.3 up
to 137uglL™. The highest
concentrations are associated with
the crushed and sieved samples and
thus are interpreted to reflect the
analyses of fine solid particles
produced during sample preparation
(e.g. crushing). Sequential filtering
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samples.

of the J6 leachate sample suggests that approximately 17% of the particulate materia in this
sample falls within the colloidal size range (0.45 pm to ~5 nm).

However, the disk samples aso show notable amounts of filterable thorium. For al sample
types the particulate thorium concentrations increase in the later sampling periods (Figure 86),
suggesting that minor physical degradation of the samples is occurring. Thus, the solution data
suggest that the most important mechanism for thorium release from these types of materials at
pH near 7 is by particulate rather than solute transport.

Uranium. Based on the end-of-life isotopic analyses (Table 41), the monitor nuclide for
uranium release in our experiments was “*U. The concentrations of the 2*°U in the filtered (~5
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nanometers) leachate solutions ranged from 0.06 to 0.9 ug L™ (10°° to 10%* molal). The ***U
concentrations did not vary systematically with burnup or initial uranium content. However, in
general, the highest concentrations of leached **U (0.8-0.9 ug L™) were from the crushed and
sieved samples, suggesting that the increased surface areas of these crushed samples leads to
minor but measurable increases in uranium release. As shown on Figure 87, all the leachate

solutions were undersaturated with
respect to dehydrated schoepite and the
uranium is predicted to be present in
solution dominantly as a uranyl
carbonate species (eg. UG,(COy),%).
The data field labeled “This Study” on
Figure87 is plotted for our **U
concentrations only; if the total uranium
concentration is plotted (including
minor ***U contamination) the field
increases to around 107 mola and is
thus till undersaturated with respect to
dehydrated schoepite.

The uranium concentrations in the
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unfiltered leachate samples show the
same general trend as for the thorium,
with concentrations increasing with
time. However, the amounts of
filterable uranium are al less than ten
Hg L™ and are thus considered to be of
minor importance in terms of nuclide
release.
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Figure 87. Solubility of uranium vs. pH (plotted

using activitieslisted in Table 42). Datafields

compar e experimental results from this study

with results from other dissolution experiments

performed on urania and thoria-urania samples.

The leachate solutions also contain measurable 2**U and **U, both of which are minor
congtituents of the fuel samples (0.3 and 1.8 percent respectively). Thus the presence of these
nuclides appears to represent minor (micrograms) contamination from sample processing in the
hot cells. The hot cell blank contained less than 1pg L™ ***U thus narrowing the contamination
source down to the sample processing such as disk cuitti ng and crushing of the samples. The
contamination of the leachates with minor amounts of “**U does not, however, effect the
calculation of uranium release rates or fuel dissolution, as greater than 85 weight percent of the
uranium isotopic inventory in the fud is ***U.

Sunder and Miller (2000) report dissolved uranium concentrations ranging from 100 to
1300ug L™ in leachates from dissolution experiments on unirradiated (Ugo24Thos76)0, and
(Uo.015 Tho.0g5)O, disks performed at 95°C. These relatively high concentrations are explained by
the fact that the experiments of Sunder and Miller (2000) involved pH values ranging from 3 to 5,
at which uranium (and thorium) solubility increases by orders of magnitude relative to more
neutral conditions (e.g. Figure 87).

Forsyth and Werme (1992) performed dissolution experiments on clad segments and
fragments of UO,-based spent nuclear fuel of moderate burnup (~43,000 MWD/MTM) at 25°C in
basic (pH~8) bicarbonate ground water. These tests, which were performed in oxic conditions,
showed dissolved uranium concentrations ranging from 10° to 10° mol L™ after 100 to 200 days
of reaction. These data are aso shown on Figure 87 for comparison with the irradiated (U,Th)O,
samples.
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Neptunium, Plutonium and Americium. The concentrations of **’Np, ?**Pu, **°Pu and
#Am in the filtered leachate samples are dl less than 0.08 pg L™ (<10°° molal) with many less

than 0.02 ug L™ (<10° molal). The
concentrations of these actinides are
dso inggnificant  within  the
unfiltered samples, which contain
lessthan 0.4 pg L™

The low concentrations of
plutonium are consistent with
thermodynamic calculations, which
predict a solubility of approximately
10" mola under these conditions,
with PuO, being the solubility-
controlling phase  (Figure 88).
However, the predicted solubility of
neptunium under these conditions is
approximately 10°° molal, which is
higher  than our measured
concentrations (Figure 89). This
discrepancy is explained by the fact
that the actinides are likely contained
within the fuel matrix, which has
remained relatively inert during these
experiments.

The dissolution experiments of
Forsyth and Werme (1992) on clad
segments and fragments of UO,-
based spent nuclear fuel at 25°C
showed dissolved plutonium
concentrations ranging from around
10® to 10° mol/L after 100 to 200
days of reaction in oxic conditions.
Assuming that plutonium is released
congruently as the fuel matrix
dissolves this observation suggests
that the matrix dissolution of the
UO,-based fuel is faster than the
irradiated thoria-urania samples.

Cesium, Strontium, lodine,
Technetium, and Molybdenum.
Cesium (*'Cs+ 'C9) is the most
soluble nuclide present in the
experiments. Concentrations of **'Cs
in the filtered leachates ranged from
bedow 1pgL™ to as high as
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Figure 88. Solubility of plutonium vs. pH (plotted using
activitieslisted in Table 42). Data fields compare
experimental resultsfrom this study with results from
leaching tests on UO,-based spent fuel reported by
Forsyth and Werme (1992).
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35ugL™. The highest concentrations were measured during the early sampling intervals and
decrease in the later ones (Figure 90). This trend suggests that there is a readily leachable
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inventory of cesum that may be

removed relatively rapidly (on the 100 W C4D13
order of weeks) in near neutra 8 f - © C4D15
waters at 90°C.  This leachable - i A A2D2
fraction however, does not account P m,f:‘ o ekl
for al of the “gap” fraction present in E 3

these samples, which were estimated > f

by acid leaching (eg. Table 42). I= O

This highly mobile *Cs component £, | "
is most dramatically demonstrated ¢ o

for sample C4D13, which contains 5 i

35ugL™? in leachate for its first 0 ——
interval, but drops to less than 50 60 7O 80 90 100 110 120 130 140

Reaction time (days)
Figure 90. Cesium-137 concentrationsasa function

The strontium-90 concentrations ~ Of reaction time.

show a trend similar to that of the cesium, with concentrations decreasing from greater than one
microgram per liter in te early sample intervals to less than one for later intervals. The
iodine-129 is below the detection limit of approximately 50ugL™ in these samples. The
technetium-99 concentrations in the filtered samples ranged form approximately 1 to 7ug L™,
which is similar to the range for the ’Mo. The leachate concentrations for these lighter fission
products do not vary for the unfiltered sample groups and show no consistent trends with respect
to the sample type (e.g. U content or burnup). There is a genera correlation between the
concentrations of the *’Mo and **Tc in the leachate samples. This suggests that the **Tc releases
may be influenced by the presence of a Mo/Tc-bearing, metalic phase, perhaps similar to the
epsilon (5-metal) phase observed in gent UO, fuels. Metallographic examinations of samples
used in our experiments (Richardson et al. 1987) also suggest the presence of a metallic phase
within grain-boundaries, however, its composition has not yet been confirmed.

g L™ for the second interval.

4.25.3. Fractional Reease Rates of U, **Th, and “'Cs and Dissolution Rates of
Irradiated (U,Th)O,

The fractional release term is defined by normalizing the amount of a nuclide lost to solution
to the total amount of that nuclide initialy present in the sample:

Fr = (Cisor) (Ms1) / (Cltuer) (M) (9

Where Cig,,. is the concentration of nuclide (i) in solution (g/g), my,. is the total solution mass (g),
Cisa is the concentration of nuclide (i) in the fuel (g/g), and mye is the total mass of the fuel
sample (g).

The fractiona release rate (Rf) is thus defined by dividing Fr by the number of days that the
sampl e has been reacted:

Rf = Fr / days [10]

Additionally, surface area normalized fractional release rates can be obtained by dividing the
fractiond release rate by the surface area (SA) of the sample:

Rf / SA = Fr/ days (SA) [11]
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The use of fractional release rates and surface area normalized fractional release rates is
particularly useful when comparing data from compounds with different compositions. The
fractional values normalize the data with respect to the element of interest.

The dissolution rate (DR) of the solid can be caculated by dividing the amount of the
monitor nuclide released into solution to amount of time the solid was reacted and the solid
surface area of the sample. The monitor nuclide is one that is released congruently during
corrosion of the sample (e.g. not incorporated into secondary deposits).

DR = (Cisor) (Mso1) / (days) (SA) [12]
Where Cig,. is the concentration of nuclide (i) in solution (mg/g), my,. is the total solution mass
(0), days refers to the test interval duration and SA is the solid surface areain n’.

The fractional release per day and surface area normalized fractional release (leach) rates
(calculated using equation 11) for **'Cs are shown in Figures 91a and b. Samples reacted for 53
days have release fractions per day of 10° days™ while those reacted for >140 days drop to 10"
days®. This trend is interpreted to reflect the relatively rapid depletion of the readily mobilized
137Cs fraction, which is probably associated with macro-pores within the fuel (e.g. fuel/cladding
gap and open fractures). The “*'Cs surface area normalized fractional release data follow the
same trend (Figure 91b). The ™'Cs fractional release data for UO,-based spent fuel reported by
Forsythe and Werme (1992) ranged from approximately 10° days™ to 10° days™ during a 21 to
182 day leaching period. Thus the **'Cs release from the irradiated thoria-urania fud is
comparable to, but somewhat lower than that for UO,-based spent fuel in near neutral ground
waters.
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Figure 91. Fractional release and dissolution rate data for irradiated thoria-
urania samples (the estimated accuracies, shown aserror bars, are 50%).
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The release fraction per day for **Th is <10*' day™* and the corresponding fuel matrix
dissolution rate ranges from 3.4x10° to <1.5x10° mg m? day" (Figure 91c). These rates are
orders of magnitude lower than the dissolution rates reported for UO, spent fud, which are
generally >1.0 mg m? day™ in oxidizing solutions (Shoesmith et a. 2000). The uranium in the
samples used in our experiments consisted of >98% ***U and **U. Thus, the uranium fractional
releases and dissolution rates were calculated using the sum of these two nuclides. The uranium
fractional releases range from <10°? day™ to 10™" day™ (average is 10%* day™) thus indicating
that the uranium is released incongruently relative to the thorium on a fractional release basis.
However, the surface area normalized dissolution rates calculated using the uranium
concentrations range from 3.7x10° to 3.7x10° mgm?® day" (Figure 91d) and are thus not
dramatically different from those calculated using **Th. This observation further supports the
conclusion that the rate of dissolution/corrosion of the irradiated thoria-uraniafuel samples are at
least two orders of magnitude lower than those for UO, spent nuclear fuel in oxic groundwaters.

4.2.6. Experimental Results: Dissolution of Unirradiated Fuel

4.2.6.1. Dissolution of Unirradiated Crushed Pdllets

The concentrations of dissolved uranium in the leachate solutions from the crushed pellet
experiments ranged from approximately 1 to 900ug L™. The amount of dissolved uranium in the
leachate solutions for the powder dissolution experiments is shown in Figure 92. The values are

normalized to the surface area of the powders. Specific surface areas of the powders were given
in Teble 38.

Dissolved U® (mg m?)
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Figure 92. Dissolved uranium (mg) per square meter of powder surface area for <90 um

(left) and 90-250 um (right) crushed and sieved (U,Th)O, pellets. The composition of the
powdersislisted as% UO..

The surface area normalized fractional release data for the powdersis presented in Figure 93.

This data normalizes the results with respect to the amount of uranium available in the fuel, based
on initial composition and powder surface area.
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Figure 93. Surface area normalized fractional U*® release from crushed and sieved
(U, Th)O, pellet samples. The composition of the powdersislisted as % UO..

Trend lines were applied to the dissolution datain Figures 92 and 93 to determine the best fit.
Power law (y=Ax®) trend lines produced the best it for the 100% and 5% UQ, data, and
logarithmic (y = A(Inx) + B) trend lines gave the best fit for the remaining compositions. This
held true for both the <90 um and 90-250 pum powder sizes. Examples of data with the applied
trend lines are shown in Figure 94. Correation coefficients () for the trend lines were all above
0.9 with one exception (the 50% UQO, 90-250 um powder).
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Figure 94. Trend lines applied to surface area normalized fractional release data, showing
examples of power law (left) and logarithmic (right) curves.

The uranium dissolution rates (mg m” d*) and surface area normalized fractiona uranium
release rates (m” d*) were calculated by differentiating the best-fit trend lines of the dissolution
data. The calculated rate data are shown in Figures 95 and 96. Each data point in these figures
corresponds to the differential of the trend line at that time value.
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Figure 95. Uranium dissolution ratesfor crushed and sieved (U, Th)O, péllets. The values
wer e calculated by differentiating the trend lines of the dissolution data. The composition
of the powdersisgiven in % UO..
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Figure 96. Surface area normalized fractional uranium releaseratesfor crushed and sieved
(U,Th)O, pellets. Thevalueswere calculated by differentiating the trend lines of the surface
area normalized fractional release data. The powder composition isgiven in % UQO..

For all powder compositions and both particle size ranges, the dissolution rates decrease with
time. The observation of higher initial dissolution rates that decrease after severa days is
consistent with studies reported previously in the literature (see, for example Bruno et al. 1995,
and Casas et a. 1993). The calculated dissolution rates for the 90-250um powder were
congistently dightly higher than those for similar compositions of the <90um powder.

The dissolution rates of pure UO, found in this study range between approximately 2-
001 mgm?g" at times between 0.1 and 125 days. Dissolution rates for unirradiated fuel
reported in the literature exhibit a large range of values, depending on the specific experimenta
conditions, such as solution pH, carbonate concentration, temperature, and the O/U ratio of the
starting material. The values obtained in this study are comparable to those found in the literature
for unirradiated UO, under similar experimental conditions. Bruno et a., for example, reported
dissolution rates between 0.67 and 2.41 mgm?®g" for unirradiated UO, in a NaCl/NaHCO;
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solution at pH 8.5. Casas et al. have reported initial and final dissolution rates of 0.33 and
2.48x10° mg m* g*, respectively, for crushed UO, pelletsin NaClO, solutions at pH 8.

The dissolution rates for the 5% UQ, crushed pellets are generaly about 1 to 2 orders of
magnitude lower than for pure UO,, with values for the intermediate compositions (23.6%,
36.8%, and 50% UQO,) fdling in between. The dissolution rates for the 5% UQO, powders are
between 2 10°-1" 10 mg m* d* for times between 10-120 days. These values are very similar
to the range of values found for ~5% 2**U irradiated pellets at 90°C and times between 50 to 140
days (Figure 91).

The surface area normaized uranium fractiond release rates (Figure 96) present the
dissolution data normalized both for powder surface area and composition, and present a
meaningful comparison of al of the powder dissolution data. The data for the <90 um powders
indicates that the normalized fractional U™ release rates for al of the (U, Th)O, materias were
less than for the pure UO,. The differences between the (U, Th)O, compounds and the UO, are
smal at the initiad sampling times but increase with time. At 0.2 days the normalized fractiona
release rate for UG, is between 3 and 8 times higher than for the (U, Th)O, compositions, while at
~120 days the rate for the UO;, is between 10 and 37 times higher. At al times the difference
between the (U,Th)O, compositions was small, and followed the trend (UosThys)O, >
(U0.368Th0.632)02 > (U0_235Tho_764)02. The 5% U02 pOVVdH exhibited §|ght|y different beha\/ior,
initidly exhibiting the lowest rate, but ending the experiment with the highest rate of all the
(U,Th)O, compositions.

The 90-250 um powder exhibited similar results with a few notable exceptions (Figure 96).
Differences in fractional release rates between the pure UO, and the (U,Th)O, fragments were
negligible initialy, with the (Ug 36 Thoss2) O, fragments exhibiting rates dightly higher than UO..
At ~120 days, however, the rate for the UO, is between 9 and 30 times higher than those for the
solid solutions. Differences among the (U, Th)O, materias is again minor, with the exception of
the higher rates for (U355 Tho.632)O5.

If the calculated curves in Figure 96 are extrapolated to 5 years, the surface area normalized
fractional uranium release rates for UO, become 10 to 70 times higher (<90 pum powder) and 20
to 100 times higher (90-250 um fragments) than the rates for the (U,Th)O, fuel.

Analysis of the filtered and unfiltered |eachate solutions from the <90um 100% UO, powder
experiment revealed that significant amounts of suspended solids >20 nm were present in the
leachate solutions. It was found that approximately 62% of al uranium in the leachate solutions
was present as suspended particulate material after 2 hours. This value diminished to
approximately 15% after 10 days.

The pH of al the leachate solutions was between 8.0 and 8.6 throughout the duration of the
experiments. These values are dightly higher than those of the J-13 water used for the study of
irradiated pellets at ANL-E (pH values of ~7.4 at room temperature). The discrepancy could be
due to differences in carbonate concentration between the two batches of J-13 water.

4.2.6.2. Dissolution of Unirradiated Pellets
The concentration of U™ in the sampled leachate solutions from pellet dissolution
experiments is shown in Figure 97. The U™ concentration measured in blank J13 solutions

under similar conditions was approximately 0.5ug L™ (shown as the dotted line on Figure 97).
The measured [U™®] value for a number of the sample solutions, particularly those for pellets with
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Diss rate (mg m 2d%)

low UO, content, were found to be near or below this blank levd.

the data for these samplesis difficult.
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Figure 97. Dissolved uranium concentration in pellet dissolution leachate samples. The
pellet compositions (% UO,) are shown. Dashed line showsthe approximate U*®

concentration of theblank solutions.

The dissolution rates for 100% UO, are calculated to be between approximately 0.1—
0.01 mg m?” d* over the period from 7-93 days. The dissolution rates for 36.8% and 50% UG,
pellets are between 0.02-0.003 mg m” d* during the same experimenta period. The dissolution
rates and surface area normalized fractional release rates for unirradiated whole pellets are shown
in Figure98. The dissolution rates for the 23.6% and 5% UO, pellets cannot be reliably
determined because the measured U™ concentrations are near or below the background level.
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Figure 98. Dissolution rates (left) and surface area normalized fractional release rates
(right) of whole (U,Th)O, pelletsin J-13 water at 90°C. The composition of the pelletsis

given in percent UO..
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The dissolution rates for the 23.6%, 50%, and 100% UQO, whole pellets at 90°C are very
similar to the values for crushed pellets of the same composition at room temperature (Figure 95).
It should be noted that geometric surface areas were used in calculating the dissolution rates of
whole pellets. Actua surface areas are expected to be dightly higher, and would yield
dissolution rates dightly lower than those in Figure 98.

4.2.7. Summary Of Dissolution Results

The dissolution of irradiated thoria-urania fuel in J-13 groundwater was found to be minimal
and its corrosion negligible over a 195 day reaction period. The early or “instant” release of
¥7Cs, however, is similar to that measured for irradiated UO, fuels under similar experimental
conditions. Concentrations of *°Sr are also relatively high for early sample intervals, suggesting
that significant fractions of Cs and Sr are distributed within fluid-accessible macro-pores within
the fuel (fuel/cladding gap, open fractures and grain-boundaries). Concentrations of *°Tc in the
filtered leachates are correlated with °’Mo, suggesting that its release may be influenced by a
Mo/Tc-bearing metalic phase similar to the epsilon particles found in UO, fues. This
conclusion is supported by metalographic observations. The actinides **’Np, ***Pu, **%Pu and
#'Am remained insoluble throughout the experiments. There is minor incongruent release of U
relative to Th on afractional release basis, however, the matrix dissolution rates calculated using
Th and U consistently yield values ranging from 3x10° to <3x10° mgm?* day™*. These tests
demonstrate that the dissolution rate of irradiated thoria-urania fuels are at least two orders of
magnitude lower those measured for UO, spent fuelsin oxidizing, near neutral ground-waters.

The surface area normalized fractional uranium release rates for the unirradiated crushed UG,
pellets at room temperature were found to be as much as ~40 times higher than the rates for the
unirradiated (U,Th)O, fuel materials after ~120 days. The differences in rates among the various
(U, Th)O, compositions, however, were relatively small.

The dissolution rates of unirradiated whole pellets at 90°C and crushed pellets at room
temperature are very similar (Figures 98 and 95). Thisresult in itself suggests that thereis little
temperature dependence in the temperature range of 25-90°C on the dissolution rates for these
materials in J-13 ground water.

The uranium dissolution rates for unirradiated 5% UQO, crushed pellets were between 2 10°%-
1" 10" mg m* d* for times between 10-120 days. These values are in relatively good agreement
with those for irradiated pellets of the same composition, and suggest that there is little effect of
burnup on the matrix dissolution. In addition, the dissolution rates (mg m” d*) for unirradiated
5% UQ, crushed pellets (Figure 95) were between approximately 25-100 times less than the rates
measured in this study for pure unirradiated UO,. This decrease is of lower magnitude than
found for irradiated 5% UQ, pédllets, which were found to have dissolution rates at least two
orders of magnitude less than UO,. However, it should be noted that the comparison in the case
of irradiated 5% UO, fud is made with published studies of irradiated UO, dissolution, and not a
Sde-by-side comparison using the same experimental procedure.

The findings of this study indicate that there is a decrease in the normalized uranium
dissolution rates of unirradiated (U,Th)O, solid solutions by a factor of approximately 10 to 37
times compared to pure UO,. However, only minor differences in the normalized dissolution
rates of the solid solutions are observed as a function of the composition. The results presented
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here, therefore, provide evidence that (U,Th)O, fuels have an advantage over UO, fuds with
respect to aqueous dissolution in groundwater.

4.3. Thermal Gravimetric Study of (U, Th)O, Dry Oxidation

The aqueous dissolution of UO, invariably involves the oxidation of U(IV) to higher
oxidation states and subsequent formation of soluble U(VI) species. As part of the study of (U,
Th)O, stahility, therefore, the oxidation of these materials in air was also investigated. Because
oxidation involves the addition of oxygen atoms to the (U, Th)O, lattice, there is an associated
weight gain. Therma gravimetric analysis was used to monitor the oxidation by measuring the
mass of the samples heated in air at different temperatures and heating rates. The objective of
this work was to quantify the kinetic parameters governing oxidation in these materials as a
function of composition, and to determine if oxidation is significantly inhibited by the presence of
ThO,.

4.3.1. Experimental Approach

The unirradiated (U, Th)O, materials described in previous sections were used for the dry
oxidation studies. The 90-250um crushed pellet fragments were used in this part of the study.
Gravimetric analysis was performed using a TA Instruments TGA 2050. Both isotherma and
non-isothermal heating conditions were used. Oxidation was performed in air flowing through
the sample chamber at 90 cnf/min. Sample sizes were approximately 8-20 mg for each
experiment. The non-isothermal heating rates chosen for this study were 1, 3, and 5°C/min.
Temperatures for isothermal experiments were then chosen based on the non-isothermal weight
gain curves.

The samples were analyzed using powder x-ray diffraction both before and after the oxidation
experiments. Characterization was performed using a Phillips APD 3720 diffractometer with a
Cu anode target, where the K., wavelength is 1.54056A. Generator voltage and current were 40
kV and 20 mA, respectively. Scans were made between 10° and 13%° 2 with a step size of
0.02°. An interna Si standard was used for al measurements. The lattice parameters were
calculated by a graphical and numerical least squares method and a method utilizing angular
separation reported by Popovic (1973). Additional information about the measurement error was
calculated using Cohen’s method (Cullity 1978).

The solid-state kinetic analysis was based on a single step kinetic equation:

f@)=k():t, [13]
and the Arrhenius relationship:

5 Eu
K(T) = Aexp s —4, 14
(M) P& RTH [14]
where a is the fraction reacted, f(a) is the reaction model, T is temperature, k(T) is the rate
coefficient, t is time, A is the frequency factor, and E is the activation energy. Two
methodologies for calculating A and E were used in this work: traditional model fitting and a
modetfree method reported by Vyazovkin and Wight (1999).

108



M odel-fitting method. Traditiona kinetic analysis of isothermal data entails a comparison
of the measured values with theoretical functions derived from models based on the geometry of
interface initiation and advance and/or diffusion processes occurring in the solid. Some common
kinetic models are given in Table 49 (based on Bamford and Tipper, 1980).

Under isotherma conditions,

Table 49. Reaction models.”

agreement with aknown reaction  Reaction model fa)
model' f(a) is confirmed k_)y linear Acceleratory rate equations
behavior when the function f(a) Power Law an
is plotted versus time, t. Rate Exponential Law Ina
coefficients at each isotherm are Sigmoid rate equations
obtained from the dope of the Avrami — Erofe ev [-In(1-a)]"2
linear f(a) vs. t plot, as in [-In(1-a)]*®
equation [15]: [-In(1-a)]*
Prout — Tompkins Infa/(1-a)]
f(@a) =k(T) » t + intercept ~ [15] Deceleratory rate equations
(Based on Qiffusi_on meqhani_sms) ,
Overall values for E and A are ?ned'_mens'.onal diffusion a
simultaneoudy solved from the wo-dimensional diffusion ilz-ia) In(1-a)
EgaxgnaTiqumT ;;Jﬁgg Three-dimensional diffusion [1- (1-a) 32
- . Ginstling — Brounshtein [1-(2a/3)]
Arrhenius behavior. ~_(1-a)?®
. Based on geometric models

For non-isothermal ( Contra?cti ng area ) 1-(1-a)"2
experiments, the function f(a) Contracting volume 1-(1-a)'®
obtained from the isothermal (Based on order with respect toa)
anaysis is applied to non First order -In(1-a)
isothermal rate data, yielding a Second order (1-a)*
plot of Ink(T) vs T Again, Third order (1-a)2

linear behavior suggests
obedience to the reaction model,
f(a). Vauesfor E and A are calculated from the slope and intercept of the linear plot according
to the relationship:

tBased on Bamford and Tipper (1980), p. 74

Ink(m) =& E%eigﬂnA [16]
e ReTg

M odel-free method. The model-free method was applied solely to the isothermal rate data
in this study. Under isothermal conditions, the reaction model is assumed to be independent of
heating rate. The single step kinetic and Arrhenius equations are combined:

6EU , € AU
- Int,; =- 2+In ’ [17]
"TERTH Ef@)Y

The slope of linear regions of —Int vs. T™ plot, using data for a specific a value, yields E, without
making assumptions about f(a). Frequency factors (A) cannot be determined in this fashion
without identifying f(a). The benefits, however, are such that process complexities may be
revealed by illuminating any dependence of activation energy (E) on a, instead of simply yielding
an overal value for the process.
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4.3.2. Thermogravimetry Results

The low specific surface areas of the 90-250um pellet fragments used in this study (0.01—
0.03 n? g*) influence the thermogravimetric results such that bulk reactions outweighed the
contribution of surface reactions. This was particularly evident with UO,, which generally has a
characteristic two-step transformation from cubic UO, to tetragona UsO; to orthorhombic U;Os.
Thermal gravimetric analysis of the <45mm UO, powder oxidized in air showed the expected
two-step curve, whereas the larger fragments only exhibited the net bulk reaction to U;Og. The
absent surface contribution can be
attributed to the lower surface to volume
ratio of the pellet fragments as compared to
fine powders. A sngle-step TGA
oxidation curve for UO, pellet fragments
oxidized at 3°C/min to atarget temperature
of 900°C is shown in Figure 99. The
arrows indicate the temperatures used in
subsequent isothermal experiments carried
out on the UO, pellet fragments.

4.5%

375¢Q

The same approach was employed to e
selected temperatures of isothermal interest 0 %
for dl (U, Th)O, compositions. Pellet

3 C/min to 900C
250

100 150 200 300

t, min

fragments that were deve classfied
between 90 and 250mm were subjected to
heating rates of 1, 3, and 5°C/min under

Figure 99. Non-isothermal air oxidation of UO,
fragments (90-250 um) heated at 3°C/min.
Temperatures for isothermal experiments are

indicated with arrows.

flowing ar. Single step curve behavior
was observed for al samples. Temperatures from the sloped linear region of each curve were
selected for isotherma investigation. Non-isothermal TGA airves are shown in Figures 100,
101, and 102 for (U, Th)O, compositions of 23.6, 36.8, and 50% UQO,. The weight gain upon
oxidation of the 5% UO, materia was found to be too small to be accurately resolved, and is not

discussed further.
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Figure 100. Thermal gravimetric data for non-
isother mal oxidation of 23.6% UO, fragmentsat 1, 3,
Bars indicate temperatures used in

and 5°C/min.
isothermal analysis.

Figure 101. Thermal gravimetric data for non-
isothermal oxidation of 36.8% UOQO, fragments at
1, 3, and 5°C/min. Bars indicate temperatures
used in isothermal analysis.
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The bars across each set of curves in Figures 100-102 indicate the temperatures chosen for
isothermal analysis. It was noted that when each (U, Th)O, sample reached its peak, the sample
weight began to decrease. Examinations of the instrument setup and XRD conclusions did not
yield any clues as to the cause of the weight loss. The observed decrease could be due to a
buoyancy effect, an instrument-related artifact that is independent of reactions taking place in the

sample.
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Figure 102. Thermal gravimetric data for non-isothermal oxidation of
50.0% UO, fragmentsat 1 and 5°C/min. Barsindicate temperaturesused in

isothermal analysis.

Based on the non-isothermal oxidation data, pellet fragments were subjected to isothermal
oxidation in air at the appropriate temperatures. Those results are presented as fraction reacted, a,
versus time, t-t,, plots (Figures 103-106) where t, is the time required to reach the desired

isothermal temperature. Weight
gain, assumed to be from
oxidation, does occur during
this ramp up period. The
fraction reacted (@) is
determined  assuming  the
starting weight represents 0%
reacted, and the fina (oxidized)
weight is 100% reacted. It was
observed that the percent weight
gain increased with higher UO,
content. Considering  the
lengthy dwell times required for
complete reaction of the (U,
Th)O, compositions (in excess
of 1000 minutes) it was
observed that the weight
increases during the initial 8-15
minute ramp period had little
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Figure 103. Thermal gravimetric data for isothermal air
oxidation of 23.4% UQO, fragments.

effect on the overal curve shape. Oxidation of the 100% UO, fragments, on the other hand,
reached completion between 20-120 minutes, depending upon temperature. Contributions to the
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overall weight gain during the ramp period for 100% UQ,, therefore, significantly affected the

curve shape.
12
375(‘\
500 P ——— 1
Iy 450
ﬂﬁéﬁg;ﬂ w00 o P 25
.C;O.S
o g
[/ A N
Qo6
c
/ 1/
go.4
0.2
36.8% UO2 p0.0% UO2
T 0-+
0 500 1000 1500 2000 2500 3000 0 500 1000 1500 2000 2500 3000 3500
t-to, min t-to, min
Figure 104. Thermal gravimetric data for Figure 105. Thermal gravimetric data for
isothermal air oxidation of 36.8% UO, fragments. isothermal air oxidation of 50% UO, fragments.
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Figure 106. Thermal gravimetric data for isothermal air oxidation of 100%
UO, fragments.

The oxidation of several samples did not reach completion by the end of the experimental
duration. This data, therefore, cannot be used in the subsequent kinetic analysis. This includes
data for the 23.6% UO, at 400°C and the 36.8% UO, at 300°C and 350°C. The isothermal
gravimetric curves for these samples have been omitted from the following discussion.

Xray diffraction measurements showed that the lattice parameter of unoxidized (U, Th)O,
decreases linearly with increasing UO, content (Figure 107). The diffraction patterns for al (U,
Th)O, materials exhibited no evidence for phase transformations as oxidation proceeded, with the
crystal structure of the compounds remaining cubic after oxidation at al temperatures. In
contrast, the diffraction patterns of oxidized UO, exhibited the characteristic transformation from
cubic to tetragona to orthorhombic structures. The error bars shown in Figure 107 include the
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scatter associated with three calculation methods (least squares method, Cohen’s method, and
Popovic’'s method).
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Figure 107. Lattice parameter, a(in Angstroms), of unoxidized (U,Th)O,
solid solutions as a function of UO, content oxide content. Lattice
parametersfor ThO, and UO; indicated by dashed lines.

4.3.3. Results Of Kinetic Analysis

Since the temperature is held constant, time is the anly dependent variable in the isothermal
runs. The isotherma data, therefore, are typicaly assumed to be more reliable for caculating
kinetic parameters. The isothermal data were fitted to the reaction models from Table 49. Linear
behavior suggests a good fit of the model. However, it should be noted that the various models
were not verified by complementary techniques in this study. The results of isothermal rate data
for 23.6% UO; fit to two and three dimensiona diffusion reaction models are shown in Figure
108 (next page).

Based on the correlation coefficients for the linear trend lines in Figure 108, traditional
modelitting applied to the 23.6% UO, isothermal rate data suggests two dimensiona diffusion
at the lower temperature (450°C), followed by a shift to three dimensional diffusion at 500°C and
550°C. At the lower temperature, it is difficult to definitively state which of the two diffusion
models fit best. Rate coefficients obtained from the slopes are 2 10* to 7 10* min™ across all
four temperatures. The activation energy (E) and frequency factor (A) were calculated by solving
equation [14]. The calculated activation energies are shown in Table 50. The caculated values
for A exhibited extremely large error for most of the data analyzed, and have not been included.
The reason for the large error in these values is unclear at thistime.

The linearity of the non-isothermal rate data was aso tested after having identified possible
reaction models with isotheemal data.  Since model-fitting provides an overal value,
differentiating whether curve behavior is a result of the oxidation mechanism, or interactions
from the variable temperature and time, is not within the capability of this analysis technique.
Plots of logk vs /T were constructed with 2D and 3D diffusion models. Both models presented
linear behavior in the region of interest. The linear fit results are shown in Table 50.
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Figure 108. Isothermal oxidation rate data for 23.6% UO, fit to 2D and 3D
diffusion reaction models for (a) 450°C, (b) 500°C, and (c) 550°C isotherms.
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Table50. Activation energy (E) for oxidation calculated by model-fitting of
23.6% UO, rate data.

Heating method and reaction model E (kJ/mal)
I sother mal 3D Diffusion 87+ 64
Nonisothermal | 2D Diffusion at 1°C/min 81.2
2D Diffusion at 3°C/min 78
2D Diffusion at 5°C/min 82
3D Diffusion at 1°C/min A
3D Diffusion at 3°C/min 92
3D Diffusion at 5°C/min 92
| sothermal a=05 88
(model-free) a=0.9 o1

The model-free technique reported by Vyazovkin and Wight (1999) and discussed above was
used to corroborate the values calculated by modetfitting. The model-free method was applied
solely to the isothermal rate data. Under isothermal conditions, the reaction moddl is assumed to
be independent of heating rate. Combining the single step kinetic and Arrhenius equations into:

éEU , € AU
- Int,, =- - +In ’ [18]
'BRTH Ef(a)l

The slope of the linear regions of —Int vs. T*, with a=0.5 and 0.9, yields E, without making
assumptions about f(a). For the 23.6% UQ, isotherms, the —Int vs. T* plot is shown in
Figure 109. The calculated values
of E, are 88kJm and 91 kJmol

fora=0.5and 0.9, respectively. -3
-35
The same andysis as 4
described here for the 23.6% UO, s
samples was applied to the 36.8% . o os
and 50.0% UG, pellet fragments. = —
Those results are presented inthe < °°
figures and tables below. 6]
-6.5 1
7 a=0.9
-7.5
-8 T T T
1.2 125 13 1.35 14
T (10%

Figure 109. Plotsof —Intvs. T™ for isothermal oxidation
rate datafor 23.6% UO,. Sope of the curves givesthe
activation energy, E..
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Figure 110. Isothermal oxidation rate data for 36.8% UO, fit to 2D and 3D
diffusion reaction models for (a) 400°C, (b) 450°C, and (c) 500°C isotherms.
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Figure11l. Plotsof —Intvs. T™ for isothermal oxidation rate data for 36.8%
UO.,. Thedope of the curves providesthe activation energy, E.,.

Table 51. Activation energy (E) for oxidation, calculated by model-fitting
and model-free analysis of 36.8% UQO, rate data.

Heating method and reaction model E (kJ/moal K)
Isother mal 3D Diffusion 66+ 10
Nonisothermal 3D Diffusion at 1°C/min 92

at 3°C/min 93

at 5°C/min 108

| sother mal a=05 20
(model-free) a=09 91

Unlike the 23.6% and 36.8% UO, data, the 50.0% UO, fragments did not display linear
behavior with any of the typical reaction models. With regard to the raw data (Figure 105), the
oxidation was more than 50% complete within the first 500 minutes for all the isotherma runs.
Inserting the data into each reaction model yielded only two possibilities, Avrami-Erofe’ ev and
3D Diffusion. However, it can be observed in Figure 112 that the models are roughly linear at
times greater than 200 minutes. Within the first 200-200 minutes of interest, none of the reaction
models produced a satisfactory linear fit to the data. The validity of using either reaction model
to calculate A and E parameters therefore comes into question.
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Figure 112. Isothermal oxidation rate data for 50% UO, fit to Avrami-

Erofe ev and 3D diffusion reaction models for (a) 375°C, (b) 400°C, (c)
425°C, and (d) 450°C isotherms.

Attempts to fit non-isothermal data to a known reaction model aso met with inconclusive
results. At the dower heating rate of 1°C/min, linearity was observed in both the Avrami-
Erofe’ev and 3D diffusion models within the temperature range of interest. Data obtained at a
heating rate of 5°C/min, however, was not linear. This incongruity may be a result of a lag

between reaction rate and heating
rate, where the temperature rises
faster than the materia is able to
react.  Without complementary
microscopic  techniques, the
appropriate reaction model could
not be confirmed in this study. As
a consequence, the calculations
presented here were obtained
soledly by the modetfree
methodology. A plot of —Int vs. T*
based on the model-free method
using isothermal data for the 50%
UO, maeid is shown in
Figure 113. Unlike the 23.6% and
36.8% UO, compositions, the data
does not suggest multi-step
behavior.

136 138 14

isothermal rate data.
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Table 52. Activation energy (E) for oxidation, calculated by modei-free
analysis of 50.0% UO, rate data.

Heating method and reaction model E (kJ/mol K)

I sother mal a=05 86
(model free) a=09 76

Kinetic analysis of pure UO, pellet fragments produced results similar to the 50.0% UQO,
material. None of the reaction models applied to the isothermal or non-isothermal oxidation data
produced linear plots. This system, however, is a highly studied material and it is unlikely that
conclusions drawn from numerous other researchers are inapplicable in this study. Perticle sizeis
a known variable of influence upon kinetic analysis. The fragments in this research reduced the
ratio of surface reactions to bulk reactions. Since a particle size component was not included in
the reaction models, this is a possible explanation for poor fit of the reaction models. This aso
demonstrates the limitations of the modek-fitting method.

Since oxidation of 100% UQO, was pursued as a control for comparison purposes, the mode-
free determination of E was employed. The plot of —Int vs. T (Figure 114) does not suggest a
multi-step process. However,
knowing that UO, oxidation is a
two-step process, the influence

of particle size is apparent. 05 1 .
With a low surface to volume oy

ratio, it is likely that Figure 114

mainly reflects the bulk 1o
contribution  to  oxidation. = 27
Overall E values caculated for < ,; |

a=05, 0.7, and 0.9 are 116,
104, and 100 kJ/mol,
respectively, which are in 35 1
agreement with values typically 4
reported in the literature.

'45 T T T T T T T T T
1.36 138 14 1.42 144 1.46 1.48 15 1.52 1.54 1.56

The activation energies 1T (10%)

obtai ?:;I ibn tRistrS]tudy and tgtO;e Figure 114. Model-free calculationsfor 100% UO;,
reported by Anthonysamy et a. .
(2000) are compiled in Table 53 isothermal rate data.

below. The data from the model-free method are the averages of the activation energies
calculated at each a value examined. In general there is relatively good agreement between the
isothermal and nor+isothermal values determined in this work, with the exception of the low
value for 36.8% UO, determined using the isothermal data and the three-dimensiona reaction
model. The activation energies for the (U, Th)O, materias of al compositions are relatively
similar (most are between 80-100 kJmol), and are dightly lower than the value of 108 (*7)
kJmol determined for UO, using the model-free method. This differs from the results reported
by Anthonysamy et a., who found lower activation energies (~30-50 kJ¥mol) for low UO,
content compositions, and higher energies (46-91 kJmol) for high UO, content compositions.
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Table53. Overall activation energies (kJ/mal) for (U,Th)O, oxidation found
in this study and by Anthonysamy et al. (2000).

ple Heating rate (K/min) AntEh(()?/sTarcr)P et E (kJ/mol)
Composition 9 aly y This Study
(Uo.15Thogs)Os 0.5 45+0.3
1 42+0.3
5 31+£0.2
Isothermal h1+1
(Uo.236Tho764)02 1 A
3 2
5 2
Isothermal (model fit) 87+ 64
Isothermal (model-free) 89+3
(Uo.30Tho70)0x 0.5 51+ 0.6
1 49+ 05
5 49+04
Isothermal 45+ 1
(Uo.36sThos)O2 1 92
3 93
5 108
Isothermal (model fit) 66+ 10
Isothermal (model-free) 0+1
(Uo.50Tho50)O2 Isothermal (model-free) 81+7
(Uo.72Tho28)0s 0.5 81+0.4
1 70+ 0.6
2 70+ 0.6
5 46+ 04
Isothermal 91+1
(Uo.77Thg23)0 0.5 90+ 0.6
1 79+04
2 67+0.8
5 66 + 0.8
Isothermal 82+1
uo, Isothermal (model-free) 107 + 8

4.3.4. Degree of Oxidation

From theinitial and final weights of each isothermal run, afinal O/U ratio was calculated to
evaluate the extent of oxidation. In the calculations, thorium was assumed to maintain a constant
value of +4, and therefore an O/Th ratio of 2. Additional starting assumptions were that the
initia state of the (U, Th)O, samples was stoichiometric, such that O/U = 2, and that oxidation of
the samples was the sole contributor to the weight gain. With the experimental observation that
the crystal structures of the mixed oxide materials al remained as the cubic fluorite type, it was
expected that the hyperstoichiometry would not exceed that associated with U;Os.
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The results are presented in Figure 115 as mean uranium valence. Each data point represents
a single thermal gravimetric experiment, so no estimation of error is presented. At dl
temperatures studied, UO, oxidized to a U valence equivalent to U;Og, as expected. None of the
(U, Th)O, materials achieved this extent of oxidation. Additionaly, the lower U content oxides
did not go beyond the transitional U;O; edge at lower temperatures. This result gives quaitative
evidence of an oxidation inhibiting effect for (U, Th)O, as compared with pure UO,.
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Figure 115. Mean uranium valence for (U, Th)O, samples isothermally
oxidized in air. Dashed lines indicate the uranium valence for reference
compounds U;0; and UsOsg.

4.3.5. Summary of Dry Oxidation Results

All the non-isotherma weight gain data exhibited single-step behavior. The isothermal data
suggest a three-dimensiona diffusion model for oxidation of (U, Th)O, for the 23.6% and 36.8%
UO, compositions with activation energy values of 87 +64 and 66 +10 kJ/mol, respectively. No
suitable reaction models could be found for the data from the 50% and 100% UQO, materials. The
modelfree method of determining activation energy was applied to the isothermal data, and
produced relatively similar activation energy values (81-90 k¥moal) for al of the 23.6%, 36.8%,
and 50% UO, compositions. The activation energy for 100% UO, was found to be 107 (x8) by
the model-free method. Thus, the data available suggest little dependence of activation energy on
(U, Th)O, composition, and only dightly lower values for the mixed oxide compared to pure
UQO.,. In addition, the relatively low surface-to-volume ratio of the fragments used in this study
was found to influence the therma gravitational data significantly, resulting in single step
oxidation curves even for 100% UQO,, instead of the characteristic two-step behavior typically
seen with higher surface area powders.
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Task 5. Korean Work
(Chan Bock Lee, KAERI)

KAERI has been working on four tasks in support of this NERI project to assess the
feagbility of urania-thoria fuel: core design analyses, fud pellet manufacturing technologies, fuel
rod performance analysis, and xenon diffusivity measurements.

Task 5.1 Core Design Analysis
(Hyung Kook Joo, Jae Man Noh, Jae Woon Yoo, Jin Young Cho, Sang Yoon Park
KAERI)

5.1.1. HELIOS/MASTER Code Preparation for Thorium Fuel Core Analysis

The HELIOS/IMASTER code system was modified for the neutronic analyses of thorium-
fueled reactor cores. HELIOSL.6 is two-dimensiona transport code, which uses a current
coupling collision probability method for the neutron transport calculations. The HELIOS code
with a 45-neutron group design library will be used for generation of the group constants for the
thorium fuel assemblies. MASTER, anoda core smulator developed by KAERI, will be used
for the calculations of the core physics with thermak-hydraulic feedback. The nuclide chain in the
MASTER code was extended to include Th-232 and associated nuclides such as Pa-233, U-233,
and U-234 for the thorium core analysis, as shown in Figure 116.

Pu238 —» Pu239 —» Pu240

| U233 H U234 |—>| U235 H U236
1o

Th232 [ Pa233

Figure 116. Theextended nuclide decay chain in MASTER.

5.1.2. PWR Thorium Pin-Cell Burnup Benchmark Calculation With HELIOS-
1.6

As apart of the verification of the HELIOS calculation capability for thorium-based fuel, the
k-infinite and isotopic number densities of 25% UO, + 75% ThO, fud pins were calculated and
compared with the results of CASMO4 and MOCUP calculations (both the MIT and INEEL
versions). Table 54 shows the calculated k-infinites for a 25%UQO,+75%ThO, pin cell at selected
burnup steps. The isotopic number densities at 60MWd/kgHM are compared in Table 55. The
differences between the HELIOS, MIT-MOCUP, and INEEL-MOCUP calculated k-infinites and
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the values calculated with CASMO4 are shown in Figure 117. Based on these results, HELIOS is
in agood agreement with MOCUP and CASMO4.

Table 54. Comparison of eigenvaluesfor the 25% UO,+75% ThO, pin-cell modd.

Burnu MIT INEEL KAERI
(MWd/kpg) CASMO4 1 viocup MOCUP | HELIOS1.6
0.000 1.23782 1.23354 1.22347 1.22843
0.114 1.20071 1.19708 1.18051 1.19164
5.835 1.14828 1.14466 1.13563 1.14101
10.411 1.12108 1.11662 1.11325 1.11517
19.563 1.07245 1.07154 1.06648 1.07023
31.004 1.02014 1.02168 1.01906 1.01992
40.156 0.98190 0.98453 0.98514 0.98313
49.308 0.94636 0.95383 0.95035 0.94899
51.596 0.93817 0.94477 0.94063 0.94084
60.749 0.90701 0.91851 0.91447 0.91058
72.189 0.87348 0.88449 0.87942 0.87811
Table55. Fractional Differencein | sotopic Number Densities at 60.749 MWd/kgHM .
MIT INEEL KAERI
Isotopes | CASMO-4 | \iocup | MOCUP | HELIOS1.6
Th-232 1.53769e+22 -0.003 -0.003 -0.002
Pa-231 1.70440e+18 0.048 0.018 -
Pa-233 1.95229e+19 0.035 0.045 0.031
U-232 1.56006e+18 0.034 -0.003 -0.061
U-233 2.74202e+20 0.040 0.044 0.043
U-234 5.15172e+19 0.176 0.174 0.032
U-235 1.78104e+20 -0.021 -0.033 -0.009
U-236 1.39420e+20 0.054 0.057 0.057
U-238 3.88419e+21 0.004 0.003 0.003
Np-237 1.82660e+19 -0.058 -0.035 -0.069
Np-238 5.46097+e16 -0.037 -0.096 -0.074
Np-239 7.61806e+17 -0.043 -0.019 -0.037
Pu-238 8.90932e+18 -0.026 -0.099 -0.061
Pu-239 5.37090e+19 -0.071 -0.050 -0.013
Pu-240 1.82233e+19 -0.032 0.021 0.033
Pu-241 1.90707e+19 -0.024 -0.041 -0.026
Pu-242 9.96772e+18 -0.036 0.027 -0.082

5.1.3. Fuel Cycle Analysis for UO, Cores and (Th,U)O, Cores

A 900MWe PWR currently operated in Korea was adopted as the reference plant to construct
various conceptual cores with thorium-uranium fuel. Three kinds of homogeneous thorium-
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uranium fueled cores were investigated with three different weight fractions of ThO,: 75, 70, and
65w/0 in the thorium-uranium fuel. The U-235 enrichment of the UO, in the thorium-uranium
fuel was 19.5 w/o. For the purpose of comparison, a series of reference UO, only cores were also
analyzed. The enrichment levels of the uranium in the uranium fuel assemblies were 4.5 w/o for
the core with a 15-months cycle scheme, 7.2 w/o and 8.0 w/o for the cores with 24-month cycle

schemes. The reference
plant core has 157 fud
assemblies.  Fifty-two fresh
fuel assemblies were newly
loaded for each cycle
according to a three-batch
reloading strategy in both the
thorium-uranium cores and
the uranium only cores. The
fuel assemblies with low
reactivity at the end-of-cycle
were discharged during the
reload. The fud loading
pattern was determined with
a triakand-error  method
according to the low-
leakage-loading concept.

The power distribution in
the core was controlled by
using gadolinia rods, in order
to meet the peak power limit.
The gadolinia rods were
placed in the fresh fue
assemblies. The totd
number in the core was 336
for the uranium core with a
15-month cycle and 880 for
the uranium core with a 24-
month  cycle. For the
thorium-uranium fueled
cores, the number of
gadolinia rods were
decreased to 160 in the
thorium-uranium core with
75w/o of ThO, and 208 in
the thorium-uranium core
with 70 or 65w/o of ThO..

The cycle lengths of
each core are plotted in

0.02

0.01

-0.02

Kinf difference from CASMO4 calculation

-0.03

-0.01

—=— MOCUP-MIT
—%— MOCUP-INEEL

HELIOS-1.6-KAERI

0

40 60 80
Burnup (MWd/kgHM)

Figure 117. K-infinitedifferencesof HELIOS, MIT MOCUP,
and INEEL MOCUP from CASM0O-4 as a function of burnup.
The calculations were performed at hot full power with a pin-
cell model and 25% UQO, — 75% ThO, fuel.
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Figure 118. Equilibrium cyclelengthsasa function of initial U-
235 content of variousthorium- uranium cores and the
reference uranium cores.

Figure 118 versus the initia content of U-235 in the fresh fuel. (Figure 118 also contains the
results of some alternative designs discussed in the next section below.) Asshown in Figure 118,
the cycle lengths of the homogeneous thorium-uranium fuel cores are shorter than that of the
reference uranium cores (at any given initia U-235 enrichment level). However, the differences
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between the cycle lengths of the thorium-uranium cores and the reference uranium core become
smaller as the cycle length becomes longer.

The core reactivity parameters including the Doppler temperature coefficients, moderator
temperature coefficients, soluble boron worths, and control rod worths of the cores fully loaded
with homogeneaus (Th,U)O, fuel have been analyzed and compared with those of the reference
UO, cores. These results are shown in Figures 119 through 121, and Table 56. The Doppler
temperature coefficients of the cores with thorium-based fuel are more negative than that of the
reference UO, cores as shown in Figure 119. Except the Doppler temperature coefficient, there
are no significant systematic differences in the other physics parameters between the various
thorium-based fueled cores and the reference UO, cores.
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Figure 119. Doppler temperature coefficientsof Figure 120. Moderator temperature coefficients of
various homogeneous thorium-uranium cores various homogeneous thorium-uranium cores and the

and the reference uranium cores. refer ence uranium cor es.
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Figure 121. Soluble boron worth of various homogeneous thorium-uranium cores
and the reference uranium cores.
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Table 56. Control Rod Worth of Homogeneous Thorium-Uranium Cores and Uranium
Cores, at End of Cycle, HFP condition.

UO, Core ThO,+UO, Core
Control Rod U-235 Enrichment UO, Weight fraction (%)
Configurations (w/o) (U-235 Enrichment = 19.5w/0)

45 7.2 8.0 25 30 35 40 45
D

1.39 1.24 121 1.36 1.32 1.28 1.25 122
D+C

2.96 2.68 2.63 2.89 2.79 271 2.64 257
D+C+B

459 4.15 4.05 455 4.36 4.20 4.07 394
D+C+B+A

5.56 511 4.99 5.40 5.24 5.09 4.96 4.84
D+C+B+A+S

9.41 8.48 8.25 9.52 9.01 8.60 8.25 7.94

5.1.4. Alternatives To Homogeneous (Th,U)O, Fuel to Enhance the Fuel
Economy

A 19.5w/o0 U235 enrichment of the uranium in the (Th,U)O, fuel decreases the SWU
utilization, and is very costly. However, mixed cores with both (Th,U)O, and UO, fud
assemblies with various reload batch schemes have better economics [Joo et al. 2001]. Also,
some of the duplex (Th,U)O, fuel designs proposed by MIT resulted in increased discharge
burnup in the range of 7 to 16%, compared with the homogenized (Th,U)O, fud.

Therefore, in order to enhance the economic potential of the thorium cycle in PWRs three
alternative thorium-based fuel cores were investigated: the duplex (Th,U)O, fuel, the mixed core
of duplex (Th,U)O, and UO, fuels, and homogeneous (Th,U)O, fuel with a rather lower U-235
enrichment of 10w/o.

The duplex fuel pellet consists of UO, in the inner region and ThO, in the peripheral region.
The infinite neutron multiplication factors for the duplex fuel with burnup are 7 to 16% higher
compared to that of the homogeneous (Th,U)O, fuel. However, since the fissile isotopes at the
beginning of irradiation exist only in the inner UO, region, a higher power must be produced in
the small volume UQO, region to maintain the total power. The volumetric power in the UO,
region of the duplex pellet is about three to four times higher than that of conventional UO, fuel,
which causes fuel melting in the UO, region. Therefore, a lower U-235 enrichment of 10w/o,
instead of 19.5w/o0, was applied to the UO, region, the rest of the U-235 inventory was mixed
with the ThO, in outer region. This modified duplex pellet, 10w/o enriched UQO; in the inner
region and (Th,U)O, in the peripheral region, provides a lower k-infinite value than the original
duplex fuel, but provides higher k-infinite values than the homogeneous (Th,U)O,.

The mixed core of homogeneous (Th,U)O, fud assemblies with UO, fudl assemblies with
various reload batch schemes showed an enhanced economic potential for (Th,U)O, fuel [Joo et
al. 2001]. To further enhance the economic potential of the (Th,U)O, fuel, a mixed core of
duplex (Th,U)O, fuel assemblies with UO, fuel assemblies has been aso tested.
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The cycle lengths of each core were plotted versus the initial U-235 content in Figure 118.
As shown in Figure 118, the cycle lengths of the three aternative thorium cores with duplex fuel
or mixed ThO,-UO, fuel and UO, only fuel assemblies are longer than the cycle lengths of the
homogenous ThO,-UO, cores. And, the differences between the cycle lengths of the thorium
cores and uranium cores are getting smaller as the cycle length becomes longer. 1t should also be
noted that the number of fresh fuel assemblies that need to be loaded into the mixed cores is 48,
which saves four fuel assemblies compared to the cores fully loaded with thorium-uranium fuel or

in the reference uranium cores
loaded with 52 fresh fud
assemblies. Taking the
number of fresh fud
assemblies loaded into the
core into account, the mixed
core concept further improves
the economic potentia of the
thorium fuel cycle.

In order to assess the
economic potential of the

homogeneous thorium-
uranium fue and the
dternative  thorium  fud

cycles, the natura uranium
utilization and the separative
work unit (SWU) utilization
were considered. The weight
fraction of U-235 in the tails
was assumed to be 0.25w/o.
The cost of uranium ore and
the SWU costs were assumed

to be 50USH /Kgu and

110US$ /SWU-Kg,
respectively. The results of
the fuel €conomics
assessment as a function of
cycle length are shown in
Figure 122. Compared to the
homogeneous (Th,U)O, fud,
the uranium ore and SWU
costs per MWD of the
aternative thorium cores are
improved. The fuel costs of
the thorium-based fuel cycles
are decreased as the cycle
lengths become longer, while
that of uranium fuel cycle
increases with cycle burnup.

In Figure 123, the costs
for spent fuel disposal were
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disposal costs of homogeneous thorium-uranium cores and
uranium cores as a function of cvcle lenath (1000US$/K o+ SF).
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additionally included in the economics assessment for the homogeneous thoria-urania case. As
seen in Figures 122 and 123, some of the thorium based fuel options with longer cycles may show
a superior economic potentia to the UO, fudl.

5.1.5. Utilization of Homogeneous (Th,U)O; Fuel in a Small/Medium Sized
Reactor

The utilization of homogeneous (Th,U)O, fuel in a 330 MWth LWR was aso investigated. A
small/medium sized uranium core loaded with 5% enriched UO, was considered as the reference
core for comparison. The equilibrium cycle length of the reference UO, core was about 3 years,
while the (60w/o Th, 40% U)O, core has about a 5-year equilibrium cycle length. The results of
the (Th,U)O, fud economic assessment for the small/medium sized core is compared to the UO,
case in Figure 124 for three different disposal costs. 0, 500 US$/kg, and 1,000 USHkg. The
homogeneous (Th,U)O, fuel has better economics than the UO, fuel when the spent fuel disposal
costs are higher than 700 US$H/kg,.
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Figure 124. Uranium ore purchase, SWU, and spent fuel disposal costs of homogeneous
(Th,0), fud and uo, fuel for small/medium sized core.

Task 5.2. (Th,U)O, Pellet Manufacturing
(Kun Woo Song, Ki Won Kang, Jae Ho Yang, KAERI)

5.2.1. Experimental Procedures

Thorium oxide (ThO,) powder (>99.9% pure) was purchased from Indian Rare Earth LTD.
According to the supplier's information, this powder was produced through calcination of thorium
oxaate at temperatures above 800°C. Two kinds of powder with an average size of 2mimm and

10nm were provided. The properties of the as-received powders were characterized using BET
surface, X-ray diffraction, and SEM techniques. The X-ray diffraction was performed using Cu

Ka radiation with monochromator. The pellet experiments were performed with only the 10mm-
powder.
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Dry milling. Threekinds of pellets -ThO,, ThO»-35%UQO,, ThO,-65%UO, - were fabricated
by conventional powder processing using the as-received and then milled powder. At first, the
as-received thorium oxide powder was milled in a mortar for 40 min. Then the ThO, powder was
mixed with the UO, powder ex-ADU in atumbling mixer for 1 hour in order to form the various
ThO,-UO, powder mixtures. Each of the thoria-urania powder mixtures was then further milled 6
times using an attrition mill, which was designed to alow the powder charge to be removed from
the mill and then loaded again. The attrition mill has a grid-shaped hole in the bottom of the
vessel, 0 the milled powder passes continuoudly through the hole and then is stored in a bottle.
The powder in the bottle is then pored into the attrition mill feeder hopper for another cycle of
milling. The powder was milled by zirconia balls driven by an impeller rotating with a speed of
150 rpm. The structure of the attrition mill was previously reported in the 8th progress report.

Wet milling. In addition to the above dry milling, the ThO, powder was mixed with the UO,
powder ex-ADU in atumbling mixer for 1 hour to form the powder mixtures (as for dry milling).
And then the powder mixtures were ball-milled for 24h in a jar containing zirconia balls and
acohal. Pure ThO, powder was also ball-milled in the same way.

Compaction, sintering, and thermal etching. The prepared powders were pressed at 2, 3
and 4 ton/en into compacts (green pellets). The compacts were heated up to 1700°C at 5°C/min
and then held for 4 hours in H, atmosphere to sinter them. The density of the sintered pellets was
determined by the water immersion method, and the theoretical density of the (Th,U)O, pellets
was determined by combining the theoretical density of the ThO, and UO, in accordance with
each mole fraction. The sintered pellets were sectioned longitudinally and polished. In order to
observe the grain boundaries, therma etching was carried out at 1600°C for 4 hours in a H,
atmosphere, and the grain size was determined by the linear intercept method. X-ray diffraction
was used to determine whether or not a ThO,-UO, solid solution had been formed in the
(Th,U)O, pdlets.

5.2.2. Results

5.2.2.1. Characteristics of As-Recelved ThO, Powders

Figures 125(a) and (b) show SEM micrographs of the as-received 2n€m ThO, and 10nm ThO,
powders, respectively.

L

o .I .
(a) 2mm-powder

Figure 125. SEM photographs of as-received ThO, powders.
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INTENSITY (counts)

The SEM photograph of the 2nm-powder shows that the powder appears to be significantly
agglomerated and the particle has a plate-like shape. The particle surfaces seem to be smooth.
But the photograph of the 10mm-powder shows that the particles are irregular in shape and the
particle surfaces seem to be rough or porous. We found that the 2rm ThO, and 10nm ThO, had
BET surface areas of 6.0m?/g and 41.16m’/g, respectively. In spite of its larger size, the 10mm
ThO, had much higher surface area than the 2n€im ThO,. This might result from the differencein
surface morphology between the two powders - smooth surfaces on the 2rim ThO, power and
porous surfaces on the 10mm ThO, power.

Figures 126(a) and (b) show the XRD patterns of the as-received 2rm ThO, and 10mm ThO,
powders, respectively. The full width at half maximum of the XRD peak for the 10mm powder is
wider than the full width at half maximum for the 2nm powder. This means that the crystal size
of the 10 nm powder is finer than that of the 2vm powder.
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Figure 126. X-ray diffraction patterns of as-received ThO, powders.

5.2.2.2. PeletsFabricated By Dry Milling

6.8

as-received ThO, powder
mortar+6th milled ThO, powder

Figure 127 shows the green density of the S5 ThO, +35wt% U
as-received ThO, and milled ThO, and UO,- 6.4 35M%Tho§+65wt%u0§
ThO, powders for a variety of compacting
pressures. The green density increases with the
compacting pressure. Milling can significantly
improve the green density of the ThO, powder.

apoe

o
o
T

o

o
T
[e]

Figure 128 shows the sintered density of
the asrecedved ThO,, milled ThO, and
(U, Th)O, pellets for a variety of compacting
pressures. All the pellets have higher densities
as the compacting pressure increases. A - °
sintered density of 85-88%TD is obtained for el °
the as-received ThO, powder. It is known that °
the sintered density of pure ThO, powder P —
depends greatly on the calcination temperature
[Harada et a. 1974], and this range of density

agrees well with other reported vaues for

Green Density(g/cm®)
»

o
N
T

Compacting Pressure(ton/cmz)
Figure 127. Green density as a function

of compacting pressure.
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powders calcined above 800°C [Pope and Radford 1974].

ThO, pdlets is 92-95%TD depending on the
compacting pressure, and this dengity is
higher by about 10% than the density of the
pellets made with the as-received powder.
This means that the combined milling -
mortar and attrition- is effective in increasing
the sintering activity of the ThO, powder.
The density of the (U,Th)O, pellets ranges
from 91% to 94%TD, which is dightly lower
than that of the ThO, pellets made with
milled powder.

Figure 129 shows the XRD patterns for
the pure UO,, ThO,, and (U,Th)O, pellets, at
norma angles (left) and high 2? angles
(right). Figure 129(b) shows that the ThO,
has a larger lattice constant than the UO,, and
that the peaks shift toward the high angles as
the content of the UO, increases. The
65Wt%ThO,-35wt%U0, and 35wt%ThO,-
65wt%UQO, pellets show single peaks similar
to the UO, or ThO, pellets, indicating that
solid solutions were formed. But it is

Figure 128. Sintered density as a function of
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supposed that the solid solution is not yet fully formed since the full width at half maximum of
the thoria-urania peaks is wider than that of the pure UG, or ThO, pellets.
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Figure 129. X-ray diffraction patternsfor pure UO,, ThO, and (U,Th)O, pellets, normal 2q
angles|left, high 2q anglesright.
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Figures 130(a), (b) and (c) show the pore structures of the ThO,, 65wt%ThO »-35wt%UO; and
35wt%ThO,-65wt%UO, pellets, respectively. The grain structures of the same pellets are shown
in Figures 131(a), (b) and (c), respectively. Some round areas that were different in color from
the surrounding matrix were observed in Figure 130(b) and 130(c), suggesting that a complete
solid solution was not formed. The above-mentioned X-ray diffraction pattern also indicated that
a solid solution of (Th,U)O, was not completely formed. The grain size for the ThO, fuel pellets
is 8.6mm and 5.5mm for the 65wWt%ThO,-35wt%UQG, fud pdlets and 5.3rm for the 35wt%ThO,-
65wWt%UQO, fud pdlets.
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Figure 130. Porestructure of pdletsfabricated with dry milled powder.
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Figure 131. Grain structure of pellets fabricated with dry milled powder .
5.2.2.3. PelletsFabricated By Wet Milling

Figure 132 shows the green densities of the wet milled ThO, and UO,-ThO, powders for a
variety of compacting pressures. The green density increases with the compacting pressure. It is
found that the wet-milled powders tend to have a lower green density than the dry-milled
powders.

Figure 133 shows the sintered densities of the milled ThO, and (Th,U)O, pellets for a variety
of compacting pressures. All the pellets have a higher density than 95%TD. The highest sintered
density of the pellets for every composition is achieved at a compacting pressure of 3 ton/cnf.

Figure 134(a) shows the XRD patterns for the ThO, and (Th,U)O, pellets, and Figure 134(b)
shows the same results at high 2? angles. Figure 134(b) shows that the ThO, has a larger lattice
constant than the UO,, and that the peaks shift toward high angles as the content of UO,
increases. The 65wt%ThO,-35wWwt%UO, and 35wt%ThO,-65wt%UO, pellets show single peaks
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with widths that are similar to those of the UO, or ThO, pellets, indicating that solid solutions
were amost completely formed. The full width at half maximum of the peaks is narrower than
that of the dry milled pellets, so it is supposed that the (Th,U)O, solid solution is more
homogeneous in the wet-milled powder pellets than in the dry-milled powder pellets.
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Figure 134. X-ray diffraction patternsfor ThO, and (Th, U)O, pdlets with wet milled
powder, normal 2q anglesleft, high 2g anglesright.
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Figures 135(a), (b) and (c) show the pore structures of the ThO,, 65wWt%ThO,-35wt%UO,
and 35wt%ThO,-65wt%UO, pellets fabricated with wet milled powder, respectively. The grain
structures of the same pellets are shown in Figures 136(a), (b) and (c), respectively. The ThO,
fuel pellet grain size was 11.2nmm, the 65wt%ThO,-35wt%UO, fuel pellet grain size was 9.2nm,
and the 35wt%ThO,-65wt%UO, fuel pellet grain size was 7.5mm. It appears that (Th,U)O,
pellets with densities greater than 95%TD and good homogeneity can be obtained by the wet
milling process.

oL i_' v I|: (C') Iru_ 7,
(a) 100% Tho, () 5wt ThO, (c) 35Wt% Tho2

Figure 135. Porestructure of pelletsfabricated with wet milled powder .

L 1
:Y..hr L

() 100% ThO, " (b) 65W1% ThO, (© 3BwWt% ThO,
Figure 136. Grain structure of pelletsfabricated with wet milled powder.
Figures 137(a) and (b) show the results of area mapping (uranium scanning) of the

65wWt%ThO,-35wt%UO, and 35wt%ThO,-65wt%UO, pelets. Figures 137(a) and (b) show that
the uranium distribution in both these pellets was relatively homogeneous.

(a) 65Wt% ThO ,-35Wt% UO, (b) 35wt% ThO,-65Wt% UO,

Figure 137. EPMA of the 65wt% ThO,-35wt% UO, and 35wt% ThO,-65wt% UO, pellets
(uranium scanning).
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5.2.3. Thermal Conductivity of (Th,U)O, Pellets

Samples for measuring the thermal properties were fabricated using the wet milled powder.
From the measured thermal diffusivity, the thermal conductivity was calculated using the
following relation:

k :anr
(15)

where ?, a, r, G, are the thermal conductivity, thermal diffusivity, the bulk density, and the
specific heat capacity of the sample, respectively. The thermal diffusivity of the pellets was
measured by the laser-flash method (Laser-flash 2000, Sinku Rico). The leat capacity was
measured with a differential scanning calorimeter (DSC). Figure 138 is a schematic diagram of
the thermal diffusivity experimental apparatus.

Laser head

Laser power
monitor

Laser pulse

Temp. control Heater

system Sample holder

sample

X|O

Vacuum system

.

v

(PS

Infra-red detector

Figure 138. Schematic diagram of the experimental system for measuring thermal
diffusivity.

The thermal diffusivity was determined from the rear-surface temperature rise to half its
maximum value, after the front surface of a sample was heated by alaser beam.

_w L

2
Pty (16)

where, L is the sample thickness. The thermal conductivity was normalized to 95% of the
theoretical density(TD) using modified Loeb equation[3]:

k :kTDgai_ b?' rr_g
™ 99 (17)

where, b is aconstant.
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Figure 139 shows the
variation of the  thermal

conductivity as a function of 3 —a—Tho,
temperature. The theema £ 15 A\ —*— 65wt% ThO,-35wt% UO,

. : = K 35wt% ThO,-65wt% UO,
COI’]dUCtIVIty decreases with U02 = \‘-.\ -------- ThO, (average of reported values)
content. _The measured thermal o 1 % \__|| ——Uo, (KAERI Standard)
conductivity of the 100% ThO, is §
dightly higher than the other 2 A \
values [Bakker et al. 1997]. The £ o9
thermal conductivities of the 65 G o~
and 35wt% ThO, mixtures are 2 . \,
similar to that of the UO,. 8 \T“N

g 3 \%\n
] T
5.2.4. Conclusions = i
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270000 can produce (Th%)oz Figure 139. Plot of thermal conductivity asa function of
pellets with densities ranging ~ temperature.

from 93% to 98% TD.

Compared to the dry milling method, wet milling of the ThO,-UO, powders increases the

density of the pellets and enhances the homogeneity of the uranium and thorium distribution.

ThO, has a higher thermal conductivity than UO,, but (Th,U)O, - 65 or 35wt% ThO, - is
similar in thermal conductivity to UO..

Task 5.3. Fuel Rod Performance Analysis
(ChanBock Lee, Yong Sk Yang, Young Min Kim, KAERI)

5.3.1. Evaluation of ThO2-UO; fuel performance analysis code INFRA-Th

An rradiation test, called IFA-652.1, of ThO,-UO, fue was started in June 2000 in the
Halden Reactor, located in Halden Norway as an international project. The purpose of the IFA -
652.1 irradiation test is to study the basic characteristics of ThO,-UO, fudl such as thermal
conductivity, fisson gas release, densification, and swelling. Thermo-couples and pressure
transducers were used to instrument the IFA-652.1 test rods. The test rod fabrication data are
summarized in Table 57. The burnup of the test rods reached about 5 MWD/kgHM in October
2000. The test will continue until 2005 and the discharge burnup will be about 45.6
MWD/kgHM.

Table57. Fabrication datafor the |lFA-652.1 ThO,-UO, test rods.

Pellet diameter (mm) 8.19 Clad material Zr-2
Pellet length (mm) 10.2 Clad inside diameter (mm) 8.36
Pellet density ( %TD) 82 Clad outside diameter (mm) 9.5
U-235 enrichment (wt%) 93 Clad thickness (mm) 0.57
ThO, contents (%) 88.3 Diametral gap (mm) 170
Dish depth (mm) 9.84e-3 Initial gas/pressure (atm) He/10
Dish spherical radius (mm) 18.1 Thermocouple diameter (mm) 1.8
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Rod Ave LHGR (kW/m)

Since the burnup is low, the effects of the pellet densification and relocation upon the fuel
gaps and temperatures are currently the key fuel behavior parameters of interest. Figures 140,
128 and 129 show the measured power level fuel centerline temperature, and rod internal
pressurein two of the IFA -652.1 ThO,-UG, rods, called, Rods 4 and 5, respectively.

T T
60 80

Irradiation Time (days)

100

Figure 140. 1FA-652.1 power higtories.

Rod 4 has a higher linear heat
generation rate than Rod 5 by about
10%. However, after 60 days, Rod 5
apparently has a higher centerline
temperature than Rod 4. Considering
that there is no significant fission gas
release at low burnup, this reversed
temperature results seems to have
resulted from fuel to cladding gap
width differences due to more fuel
densification in Rod 5 The bwer
rod internal pressurein Rod 5 shown
in Figure 128 also indicates higher
densification.

Figures 143 and 144 compare the
INFRA-Th predictions with the
measured fuel centerline
temperatures in Rods 4 and 5 during
the power ramp at the initial start-up
period. There is good agreement,
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Figure141. IFA-652.1 fued centerline
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Figure142. IFA-652.1rod internal pressures.
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between the INFRA-Th predictions and the measurements, indicating that the INFRA-Th code
has the capability to predict the initial gap width as well as the therma conductivity during the

initial start-up period.
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Figure 144. Fue centerline temperature
during start-up power ramp(Rod 5).

Figure 143. Fue centerlinetemperatureduring
start-up power ramp(Rod 4).

Figures 145 and 146 compare the INFRA-Th fuel centerline temperature predictions with the
measured data during the power ramp at about 4.9 MWd/kgHM burnup. Even though INFRA-Th
dightly under-estimates the Rod 5 fuel centerline temperatures, there is generally good agreement
between the temperature predictions and the measurements. In the 11" Quarterly Report
(MacDondd et a. 2002), it was reported that for Rod 5, a reduction of the fuel relocation by 60 %
resulted in good agreement with the measured temperatures indicating less relocation of the
ThO,;UQ; fuel than UO,. However, after analysis of both Rpds 4 and 5, it seems that there is not
muctedifference in relocation behavior between the ThOz-Ug)z and UO, fud rods.
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Figure 145. Fuel temperature during power
ramp at 4.9 MWd/kgHM (Rod 4).
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Figure 146. Fuel temperature during power
ramp at 49 MWd/kgHM (Rod 5).

Figures 147 and 148 compare the rod internal pressure predictions with the measured data.
The over-estimation of the rod interna pressure for Rod 5 indicates that there occurred more
densification than expected in Rod 5, which is consistent with the under-estimation of the fuel
centerline temperature for Rod 5 shown in Figure 146.
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Figure 147. Rod internal pressure (Rod 4). Figure 148. Rod internal pressure (Rod 5).

841 Rod 5

5

120

In the low burnup range up to 4.9 MWd/kgHM, the thermal conductance of the fuel gap is
primarily affected by gap width, which depends upon such parameters as pellet densification,
radial relocation, and thermal expansion. Since INFRA-Th uses the densification and relocation
models based upon UQ,, it indicates that the densification and relocation behavior of the ThO,-
UO, fud issimilar to UO, fuel.

The agreement of the INFRA-Th predictions with the measured fuel centerline temperatures
and rod interna pressures from Rods 4 and 5 in the Halden IFA-652.1 ThO,-UO, experiment
indicates that the models for the ThO,-UO, fud in the INFRA-Th code such as the thermal
conductivity, thermal expansion, and radia power and burnup distributions are appropriate.

5.3.2. Analyses of Homogeneous ThO,-UO; Fuel Rods

The performance of homogeneous ThO,-UO, fuel rods during irradiation in both a 900 MWe
PWR and the 330 MWth SMART reactor were analyzed.

-

Four different power histories %0 —=
were considered for the 900 MWe - &
PWR case, as shown in Figure 149. &
The INFRA-Th  fud rod —a

performance  calculations  are
summarized in Table 58, indicating
that the integrity of the ThO,-UO,
fuel rods would be maintained up to
a burnup 100 MWD/kgHM.

Figures 150 and 151 show the
variations in the fuel centerline
temperatures and fission gas release 1
for the four power histories. The 16
high power and high fuel centerline
temperature fuel rods start to release
significant fission gas at arelatively Iradiation Time (days)
low bunup of aound 30 Figurel49. Rod average linear heat generation rate for
MWD/kgHM. The fisson gas PWRrods.
release is enhanced as the burnup
increases for all the cases. Therefore, to accommodate the released fission gases, annular pellets

Rod Average power (kW/m)
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Fuel Centerline Temp. (C)

were used for the high burnup fuel rods to satisfy the cladding nortlift off design limit. For the
cladding materiads, a Zr-Nb aloy cladding with a relatively high corrosion resistance was
assumed.

Table58. ThO,-UO, PWR rod description and calculation results.

PH1 PH2 PH3 PH4
Burnup (MWd/kgHM) 65 80 93 100
Fission gas release (%) 8.5 20.1 21.1 21.2
Rod internal pressure (MPa) 13 18.6 185 19.2
Oxide thickness (micron) 57.9 79.8 90.9 97.4

PH1 = ThO,-25%U0,, All solid pellets

PH2 = ThO,-35%U0Q,, Axial blanket (15 cm at both ends) of annular pellet (inner dia. of 3 mm)
PH3 = ThO,-35%UQ,, Axial blanket (15 cm at both ends) of annular pellet (inner dia. of 3 mm)
PH4 = ThO,-40%UQO,, All annular pellets (inner dia. of 3 mm)

1300 25
— PH —PH1
- - -PH2 - - -PH2
1200 ; PH3 - PH3 ,
- —--—-PH4 —-—-PH4| /
1100+ 1
/7 /-
% .
10004 = 154 / _/
< / /

i % ) , P
9004 o = - e - L e I 104 )Y K

d T~ I rl"r
800 !J__r.:'

i #

5_

700
=TT T T T T T 0 o= T

0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 0 10 2 90 100

Iradiation time (days) Rod Ave. Burnup (MWd/kgU)

Figure 150. PWR fud centerline temperature. Figure151. PWR fission gasrelease.
For the 330 MWth SMART reactor, ThO,-UO, fud with a 1680 effective-full-power-day

refueling interval was analyzed. The fud rod design parameters and INFRA-Th calculation
results are summarized in Table 59, indicating that fuel rod integrity will be maintained.

Table59. ThO,-30 % UO, fud rod design and calculation results.

Density Initial Pressure Plenum Length Plenum Volume
(%TD) (bar) (mm) (cc)
94.9 21.7 185 742
Burnup Fisson Gas Rod Interna Pressure |  Oxide Thickness
(MWd/kgHM) Release (%) (MP3) (micron)
61 4.7 8.4 87.5

Figure 152 shows the power history of the limiting fuel rod with the highest burnup (61
MWd/kgHM). Figure 153 shows the peak fuel centerline temperature. Since SMART fue rod
has a rdatively larger plenum volume than the PWR fud rod, the cladding non-lift off criterion
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(which depends upon the fissian gas release and subsequent fuel rod internal pressure) is satisfied
without using annular pellets. E
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Figure152. Power history. Figure 153. Pexk fud centerline temperature.

Task 5.4. Measurementsof the Xenon Diffusivity in ThO,/UO,
(Kwang Heon Park, Hee Moon Kim, Kyunghee Univ.
Bong Goo Kim, Yong Sun Choo, Keon Sik Kim,
Kun Woo Song, Kwon Pyo Hong, Young Hwan Kang, KAERI)

Polycrystalline (Th,U)O, and UO, specimens were used to measure the diffusion coefficients
of Xe-133 under various ambient gas oxygen potentials. The thoria-urania mixture was 35%
ThO, and 65% UQ,. Three cubes were made, and each cube was about 2mm in each width. The
diameter of an equivalent sphere, thereby simplifying the cubes, was obtained from the surface to
volume ratios. The three cubes (300mg total) were irradiated in the HANARO reactor for 30
minutes. After cooling for 10 days, the annealing tests were performed. Figures 154 and 155
show the microstructure and the shape of the (Th,U)O, specimens, respectively. Table 60 lists
the properties of the specimens.

Figure154. Microstructure of Figure 155. Cube of (Th,U)0O..
polycrystalline (Th,U)O..

141



Table60. Propertiesof (Th,U)O,and UO..

Specimen Type Irradiation Grain sze TD
time (min.)
Polycrystaline Cube 30 7.5£1 mMm 96.8% (10.62 g/cnT’)
(Th,U)O,
Polycrystalline UO, Cube 20 8.1+1 mm 97% (10.642 g/cn)

Two annedling tests were performed, differing in the oxygen potential of the ambient gas,
DGo, = -370kJmol and -160 kJmol, respectively. The first annealing test was performed

continuoudly at three different
temperatures: 1600°C,
1500°C, and 1400°C for 10
hours a each temperature.
Gamma scans were performed
before and after the annealing
tests to obtan the tota
released fractions of the Xe-
133. The second annealing

tet was peformed for 2 o

hours at 1400°C, for 3 hours
at 1500°C, and for 3 hours at
1600°C, continuougly.
During the annealing test, a
gamma detector was activated
every 20 minutes to count the
gamma rays from the Xe-133
in the trap system. Figures
156 and 157 show the square
of the release fraction of Xe-
133 with time. The diffusion
coefficient was obtained by
least square fitting of the
dope of the f versus time at
each temperature. The
diffusion coefficient and the
dope arerelated as:

(2 _ 36D

a2
where f is the release fraction
a the current step (a fixed
temperature)  during  the
annealing test.

» (18)

f2

Polycrystalline uo,
specimens were made in the
same cubic shape and tested
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Figure 156. Plot of f vs. time, DGo, = -370 kJ/moal ((Th,U)O.,).
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(Th,U)O, data. The UO, properties are dso listed in Table 60. Figure 158 shows microstructure
of the polycrystalline of UO,. In addition, the diffusion coefficients of a single crystal of UO,
were measured, which were reported in a previous Quarterly for this project.

Figure158. Microstructure of polycrystalline UO..

The annealing test for the polycrystaline UO, (with DGy, = -370kJmol) was performed
continuously for 8 hours at 1400°C, for 6 hours at 1500°C and for 9 hours at 1600°C. The
diffusion coefficients for the polycrystalline (Th,U)O,, polycrystalline UO,, and single crystal of
UQO, are shown Table 61. The diffusion coefficients for the single crystal UO, were obtained
with a—370 kI¥mol oxygen potential.

Table61. Diffusion coefficientsof (Th,U)O, and UO..

Specimens Diffusion Coefficient (nf/s)

1400°C 1500°C 1600°C

POly '(Tho.351Uo.65)oz

DG, = - 370 kd/mol 3.0X10"'+1.5x10" | 6.8X10"7+2x10" | 55X10™+2.1x10"
o2 — °

Poly -(Thy 35U, 65)O,

o 1o kgt | 31X1048.0X10" | 3.3X10"+35X10" | 68X10™'+31X10"
02 — ~

Polycrystalline UO, 3.2x10" 1.1X10"° 3.1X10"

Single-crystal UO, 7.95X10™ 2.35X10"° 8.71X10™°

As shown in Figure 159, the diffusion coefficients from the polycrystaline (Th,U)O, are
coincident with or lower than those from polycrystaline UO,. The diffusion coefficient for the
polycrystalline (Th,U)O, under a high oxygen potential (—160kJmol) turned out to be higher than
that under a lower oxygen potentia(—370 kJmol). Based on the comparison between the
diffusion coefficients from the single-crystal (work previoudly reported in these quarterlies) and
the polycrystalline UO,, the diffusion coefficientsin asingle crystal of (Th,U)O, are expected to
be much lower than in polycrystalline of (Th,U)O, (may be lower by two orders).
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Figure 159. Plot of diffusion coefficientsin (Th,U)O, and UO..
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